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Abstract
This thesis details the model-based study carried out for understanding the
thermal and hydraulic performance of double pipe heat exchangers with and without
pin-fins; both counter and parallel flow configurations are considered in the study. The
pin-fins are located on the outer wall of the inner pipe thereby extending into the
annulus and in this study the hot fluid is assumed to pass through the annulus. The
model consists of multiple governing equations such as continuity equations, NavierStokes equations, and energy equations. Fluent module of Ansys Workbench is used
for conducting the model-based study. Double pipe heat exchanger constructed using
ABS and AlSi10Mg are considered in this study and water is used as the hot and cold
fluid in this study. Studies are done for hot fluid Reynolds number varying between 50
and 1750. Results reveal that the effectiveness of both ABS (Acrylonitrile Butadiene
Styrene) and Aluminum alloy (AlSi10Mg) double pipe heat exchangers, with and
without pin-fins, decreases with increase in hot fluid Reynolds number. Additionally,
the studies reveal that the effectiveness of AlSi10Mg double pipe counter/parallel heat
exchanger with pin-fins is almost same as AlSi10Mg double pipe heat exchangers
without pin-fins at low hot fluid Reynolds numbers. On the other hand, at high hot
fluid Reynolds numbers the effectiveness of AlSi10Mg double pipe heat exchanger
with pin-fins is higher than the effectiveness of double pipe heat exchanger without
pin-fins. The effectiveness of ABS double pipe heat exchanger with pin-fins, at low
hot fluid Reynolds numbers, is slightly smaller than the effectiveness of ABS double
pipe heat exchanger without pin-fins. Regarding the effectiveness of ABS double pipe
heat exchanger, with pin-fins, at high hot fluid Reynolds numbers, it is same as the
effectiveness of ABS double pipe heat exchanger without pin-fins. Geometric
parameters of pin-fin such as its height, length, and subtended angle do not have any
effect on the thermal performance of the ABS double pipe heat exchanger. The
enhancement in effectiveness of AlSi10Mg double pipe heat exchangers achieved by
incorporating pin-fins is dependent on the height of the pin-fins while being
independent of the length and subtended angle of the pin-fins. The pressure drop
associated with the hot and cold fluids increase with increase in hot fluid Reynolds
numbers for all double pipe heat exchangers with and without pin-fins. The pressure
drop of the hot fluid in ABS and AlSi10Mg double pipe heat exchangers with pin-fins

viii
is greater than the hot fluid pressure drop in the corresponding double pipe heat
exchanger without pin-fins. The pressure drop of hot fluid in all double pipe heat
exchangers, with pin-fins, is dependent on geometric parameters such as height,
length, and subtended angle of the pin-fins.

Keywords: Double Pipe Heat Exchanger, Effectiveness, Heat Capacity Ratio, Heat
Transfer Enhancement, Pin-Fins, Pressure Drop, Reynolds Number.
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)Title and Abstract (in Arabic

األداء الهيدروليكي الحراري لمبادل حراري بوليمر مزدوج األنابيب لتطبيقات التسخين /
التبريد بمرحلة واحدة
الملخص

تفصل هذه األطروحة التي تشرح الدراسة القائمة على النموذج التي أجريت لفهم األداء
الحراري والهيدروليكي للمبادالت الحرارية لألنابيب المزدوجة مع وبدون البروز؛ تم أخذ كل
من تكوينات التدفق العكسي والمتوازي في االعتبار في الدراسة .يوجد البروزعلى الجدار
الخارجي لألنبوب الداخلي وبالتالي تمتد إلى الحلقة تفرض الدراسة أن السائل الساخن يمر عبر
الحلقة .يتكون النموذج من معادالت حاكمة متعددة مثل معادالت االستمرارية ومعادالت نافيير
ستوكس ومعادالت الطاقة .تم استخدام ) (Fluent module of Ansys Workbenchإلجراء
الدراسة القائمة على النموذج .تم اعتبار المبادل الحراري لألنابيب المزدوجة التي تم إنشاؤها
بأستخدام  ABSو  AlSi10Mgفي هذه الدراسة ويستخدم الماء كسائل ساخن وبارد في هذه
الدراسة .تم إجراء دراسات على عدد رينولد السائل الساخن الذي يتراوح بين  50و .1750
تكشف الدراسات أن فعالية كل من المبادالت الحرارية لألنابيب المزدوجة  ABSو
 ،AlSi10Mgمع وبدون البروز  ،تتناقص مع زيادة عدد رينولدز السائل الساخن .باإلضافة
إلى ذلك  ،كشفت النتائج أن فعالية المبادل الحراري الموازي  /المضاد لألنابيب المزدوجة
 AlSi10Mgمع البروز هي تقريبًا نفس فعالية المبادالت الحرارية لألنابيب المزدوجة
 AlSi10Mgبدون البروز عند انخفاض عدد رينولد للسائل الساخن .من ناحية أخرى  ،في حالة
ارتفاع عدد رينولد للسائل الساخن ،تكون فعالية المبادل الحراري لألنابيب المزدوجة
 AlSi10Mgذات البروز أعلى من فعالية المبادل الحراري لألنابيب المزدوجة بدون
البروز.فعالية المبادل الحراري لألنابيب المزدوجة  ABSمع البروز ،عند انخفاض عدد رينولدز
للسائل الساخن  ،أقل قليالً من فعالية المبادل الحراري لألنابيب المزدوجة  ABSبدون البروز.
فيما يتعلق بفعالية المبادل الحراري لألنابيب المزدوجة  ، ABSمع البروز  ،لعدد عالي من
الرينولدز للسائل الساخن ،فهي مماثلة لفعالية المبادل الحراري لألنابيب المزدوجة  ABSبدون
البروز .ال تؤثر العوامل الهندسية للبروز مثل الطول والزاوية المقابلة على األداء الحراري
للمبادل الحراري لألنابيب المزدوجة  .ABSيعتمد تحسين فعالية المبادالت الحرارية لألنابيب
المزدوجة  AlSi10Mgالتي يتم تحقيقها من خالل دمج البروز على ارتفاع البروز بينما ال
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تعتمد على الطول والزاوية المقابلة للبروز .يزداد انخفاض الضغط الخاص بالسوائل الساخنة
والباردة مع زيادة عدد رينولدز للسوائل الساخنة لجميع المبادالت الحرارية لألنابيب المزدوجة
مع وبدون البروز .ينخفض ضغط السائل الساخن في المبادالت الحرارية لألنابيب المزدوجة
 ABSو  AlSi10Mgمع البروز أكبر من انخفاض ضغط السائل الساخن في المبادل الحراري
لألنبوب المزدوج المقابل بدون البروز .يعتمد انخفاض ضغط السائل الساخن في جميع المبادالت
الحرارية لألنابيب المزدوجة ذات البروز على المعلمات الهندسية مثل االرتفاع والطول والزاوية
المقابلة البروز.
مفاهيم البحث الرئيسية :مبادل حراري مزدوج األنبوب  ،الفعالية  ،نسبة السعة الحرارية  ،تحسين
نقل الحرارة ،البروز  ،انخفاض الضغط  ،عدد رينولدز.
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Chapter 1: Introduction
1.1 Structure of the thesis
This thesis is divided into four chapters and the details the work done in
understanding the influence of geometric parameters on the performance of a double
pipe heat exchanger with pin-fins on the outer surface of the inner pipe of the same. A
brief description of the contents of each of the chapter are provided below.
Chapter 1 introduces the topic of heat exchangers followed by the need for
enhancing heat transfer coefficient associated with the fluids of heat exchangers.
Afterwards, this chapter also reviews exiting work in literature related to enhancement
of heat transfer coefficients in double pipe heat exchangers.
Chapter 2 details the mathematical model of the double pipe heat exchanger
conceptualized in this work. The governing equations associated with the
mathematical model and the related boundary conditions are listed in this chapter. The
chapter also details the thermophysical properties of the fluids as well as that of the
structural materials employed for creating the heat exchanger. This chapter also lists
the different combinations of geometric parameters used for parameters.
Chapter 3 is dedicated to presenting the results of the parametric study as well
as its analysis. The performance of the double pipe heat exchanger is quantified in
terms of effectiveness and pressure drop. Analysis is provided for the observed trends
in the relationship between input parameters (hot fluid Reynolds numbers and
geometric parameters) and output parameters, i.e. performance metrics.
Chapter 4 concludes this thesis by listing the major findings of this work as
well as future extensions of the work detailed in this thesis.

2
1.2 Introduction of Heat Exchangers
Heat exchangers are devices used for transferring heat between two fluids at
different temperatures. Heat exchangers employ flow passages separated by a solid
wall through which fluids pass and the fluids thermally interact with each other as they
pass through these flow passages. The fluids enter the heat exchanger at different
temperatures and their temperature change along the length of the flow passage due to
thermal interaction with each other. The fluid that enters the heat exchanger at the
higher temperature is often referred to as hot fluid while the fluid that enters the heat
exchanger at lower temperature is commonly referred to as cold fluid. Heat exchangers
can be categorized in multiple ways; however, the most relevant categorizations are
based on flow configuration and construction. Shah and Sukulic provides a detailed
categorization of the heat exchangers [1].
Based on flow configuration, heat exchangers can be classified into counter
flow, parallel flow, and cross flow heat exchangers as shown in Figure 1. In counter
and parallel flow heat exchangers, the hot and cold fluids flow in opposite and same
directions, respectively. On the other hand, in cross flow heat exchangers, the hot and
cold fluids flow perpendicular to each other. For the same input parameters, the
thermal performance is best for counter flow heat exchangers while that of cross and
parallel flow heat exchangers are the second and third best, respectively.

3

(a)

(b)

(c)

Figure 1: Schematic of counter, parallel, and cross-flow heat exchangers. (a) counter,
(b) parallel, and (c) cross-flow heat exchangers; Thi is the hot fluid inlet temperature,
Tci is the cold fluid inlet temperature, Tho is the hot fluid outlet temperature, Tco is the
cold fluid outlet temperature

Based on construction, heat exchangers are mainly classified as double pipe,
shell and tube, and compact heat exchangers; Shah and Sekulic classifies double pipe
and shell and tube heat exchangers as tubular heat exchangers [1]. Double pipe heat
exchangers are very simple in construction as it consists of two concentric flow
passages as shown in Figure 2. With this construction, double pipe heat exchangers
can be used only for realizing counter and parallel flow heat exchangers. Shell and
tube heat exchangers employ multiple parallel tubes in a huge pipe as shown in Figure
2 (b). One of the fluids (hot or cold) passes through the tubes while the other fluid pass
through the shell, Figure 2 (b). In many instances, baffles are placed in the shell to
cause the mixing of the fluid inside the shell and thereby enhance the thermal
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performance of the heat exchanger. In addition, all flow configurations can be realized
in shell and tube heat exchangers without baffles. On the other hand, the flow
configuration is a mix of counter or parallel flow and cross flow in shell and tube heat
exchanger with baffles [1]. Compact heat exchangers generally consist of multiple
parallel flow passages separated by a solid wall as shown in Figure 2 (c). In compact
heat exchangers, both fluids are split between multiple parallel channels and this leads
to them having high heat transfer surface area density. With compact heat exchangers,
it is possible to realize counter, parallel and cross flow heat exchangers.

(a)

(b)

(c)
Figure 2: Schematic of double pipe, shell and tube and plate heat exchanger. (a)
Double pipe, (b) shell and tube and (c) plate heat exchanger

The flow inside the heat exchanger can be either laminar or turbulent
depending on the flow rate as well as the dimensions of the flow passages. With
reduction in the size of the flow passages, the flow regime tends towards being laminar.
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In heat exchangers, all types of fluids can be employed. Both liquid and gases have
been employed in heat exchangers depending on the applications.
The heat transfer between the fluids of the heat exchanger is dependent on the
heat transfer surface area, overall heat transfer coefficient, and the average temperature
difference between the fluids [1, 2]. The product of surface area and overall heat
transfer coefficient represents thermal conductance which is the inverse of thermal
resistance; lower the thermal resistance, higher the heat transfer between the fluids.
Overall heat transfer coefficient depends on heat transfer coefficient of the fluids’
channels, thermal conductivity of the wall separating the fluids, and thickness of the
wall separating the fluids. Equation (1.1) and Equation (1.2) represent the heat transfer
between the fluids and overall heat transfer coefficient of double pipe heat exchanger,
respectively [1, 2]. For double pipe heat exchanger, the area of the heat transfer surface
in contact with the hot fluid is different from the area of the heat transfer surface in
contact with the cold fluid. Depending on the preference for the heat transfer surface
area, the heat transfer between the fluids can be written in terms of heat transfer area
associated with the hot or the cold fluid as shown in Equation (1.1) [1, 2]. The overall
heat transfer coefficient also depends on the heat transfer surface of choice as shown
in Equation (1.2); however, it needs to be remembered that the thermal conductance
remains same irrespective of the choice of heat transfer surface area [1, 2].

𝑄̇ = 𝑈ℎ 𝐴ℎ 𝐿𝑀𝑇𝐷 = 𝑈𝑐 𝐴𝑐 𝐿𝑀𝑇𝐷
1
𝑈ℎ
1
𝑈𝑐

=
=

1
ℎℎ

+ 𝐴ℎ

𝐴𝑐
ℎℎ 𝐴 𝑛

ln(𝑟𝑤2,𝑜 /𝑟𝑤2,𝑖 )

+ 𝐴𝑐

2𝜋𝑘𝑤2 𝐿

+

ln(𝑟𝑤2,𝑜 /𝑟𝑤2,𝑖 )
2𝜋𝑘𝑤2 𝐿

𝐴ℎ
ℎ𝑐 𝐴 𝑐

+

1
ℎ𝑐

(1.1)
(1.2.a)

(1.2.b)
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Where Q represents the heat transfer between the fluids, U represents the
overall heat transfer coefficient, A represents the heat transfer surface area, LMTD
represents the log mean temperature difference, h represents the heat transfer
coefficient, k represents the thermal conductivity, and r represents the radius; w2
represents the wall separating the fluids, c represents cold, h represents the hot fluid, i
represents inner and o represents the outer.
Another parameter that is important in the case of heat exchangers is Number
of Transfer Units (NTU); it is shown in Equation (1.3). NTU is a dimensionless
parameter that is equivalent to the thermal performance of a heat exchanger. Higher
values of NTU indicates better thermal performance for the heat exchanger and vice
versa. NTU is the ratio of the thermal conductance to the minimum heat capacity
among the two fluids. Higher values of NTU indicate either high values of thermal
conductance or low values of minimum heat capacity ratio. As thermal conductance is
the inverse of thermal resistance, high values of thermal conductance indicates low
thermal resistance between the fluids for heat transfer. Heat capacity is the product of
mass flow rate and specific heat capacity and is indicative of the residence time of the
fluid in the heat exchanger. Low heat capacity indicates that the fluids have longer
time for exchanging heat between themselves.

𝑁𝑇𝑈 =

𝑈ℎ 𝐴ℎ
𝐶𝑚𝑖𝑛

=

𝑈𝑐 𝐴𝑐
𝐶𝑚𝑖𝑛

(1.3)

Thermal engineers have always been in pursuit of increasing heat transfer
associated with heat exchangers. Increasing heat transfer can be achieved by enhancing
either surface area or heat transfer coefficient [3, 4]. Increasing heat transfer by
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enhancing surface area leads to increase in the overall size of the heat transfer device
and is not the preferred approach; Bergles considers this approach as “old technology”
[3, 4] . However, increase in heat transfer by enhancement of heat transfer coefficients
does not lead to increase in the overall size of the heat transfer device and hence
preferred. In fact, by enhancing heat transfer coefficients, it is also possible to even
achieve reduction in the size of heat transfer device [2-4]. Several approaches have
been employed for enhancing heat transfer coefficient in heat transfer devices and they
can be classified as either passive or active [2-4]. Passive approaches are those in
which no external power is required, while active approaches are those in which active
power is required [3, 4]. In all these approaches, the enhancement of heat transfer
coefficient is realized by disruption of boundary layers. Disruption of boundary layer
leads to reduction in the thermal resistance between the heat transfer surface and fluid
thereby leading to enhancement in heat transfer coefficient [3, 4].
1.3 Statement of the Problem
This work details a study aimed at understanding the influence of pin fins that
protrude into the annulus from the inner pipe on the overall performance of a double
pipe heat exchanger operating under counter and parallel flow configuration. It is
hypothesized that the use of pin-fins in the heat exchanger will lead to enhancement
of the heat transfer coefficient thereby leading to the improvement of thermal
performance. Figure 3 shows the arrangement and design of the protrusions, on the
inner pipe, associated with the double pipe heat exchanger considered in this study. It
can be noticed from Figure 3 that the pin-fins are arranged in staggered configuration.
Moreover, it can be noticed that the pin-fin have trapezoidal shape. The study is
conducted using Fluent module of Ansys Workbench which is a commercially
available computational fluid dynamics software package; moreover, the study is
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limited to laminar flow. Additionally, studies are done for double pipe heat exchanger
constructed using ABS and AlSi10Mg.

Figure 3: Schematic of the conceptualized double pipe heat exchanger with
protrusions on the outside of the inner pipe

1.4 Relevant Literature
Heat transfer coefficient depends on several factors such as velocity of flow,
surface roughness, and properties of the fluid. Currently, all approaches of enhancing
heat transfer coefficient can be categorized into passive and active methods. Any
method of enhancing heat transfer coefficient which does not require external power
is referred to as passive method [3, 4]. On the other hand, those methods of enhancing
heat transfer coefficient which require external power are referred to as active methods
[3, 4]. Irrespective of the method, enhancement in heat transfer coefficient occurs
because of thinning of boundary layer. Within the boundary layer, the flow is one
dimensional but outside the boundary layer the flow is three dimensional while implies

9
mixing of the fluid. The enhancement in mixing that is associated with the decrease in
boundary layer thickness, increases/decreases the temperature of the fluid layer
adjacent to wall; thereby enhancing the potential for heat transfer, i.e. temperature
difference. To practically achieve the thinning of boundary layers, they need to be
continuously disrupted; the continuous disruption of boundary layer will keep the
average thickness of the same small. The following parts of this section details few of
the approaches that have been proposed/demonstrated for enhancing heat transfer
coefficient in double pipe heat exchangers.
Xu et al. [5] carried out numerical studies to understand the influence of
employing metallic foams in double pipe heat exchanger on their performance. They
investigated the influence of porosity, pore density, and foam thermal conductivity on
the thermal and hydraulic performance of the same. They found that effectiveness can
be increased by decreasing porosity, increasing pore density, and increasing foam
thermal conductivity. They also observed increasing porosity and decreasing pore
density. The Reynolds number in the inner pipe and annulus were maintained at 1000.
For the case they studied, it was concluded that the porosity should be less than 0.9
and pore density should greater than 10 PPI to achieve effectiveness greater than 0.8
[5].
Gorman et al. [6] proposed parallel and counter flow straight double pipe heat
exchangers in which helical corrugations are present on the inner and outer surfaces of
the wall separating the fluids; the helical corrugations partially protrude into both the
region of flow of the inner and annular fluids. Due to the helical corrugations, each of
the fluids attain velocity in all directions. The presence of the velocity in the transverse
directions lead to mixing of the fluid and subsequently the higher heat transfer
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coefficient. They conducted study for Reynolds number between 500 and 2000. They
observed that with increase in the number of turns per unit length, the thermal
resistance between the fluids reduced for both flow configurations [6].
Vaezi et al. [7] carried out simulation based studies of a double pipe heat
exchanger in which the outer pipe is circular while the inner pipe is alternating oval.
Studies are done for Reynolds number below 2000. They studied the influence of the
aspect ratio of the inner pipe. Based on their investigation, they identified that for
Reynolds number greater than 600 there was an optimal aspect ratio for which the
enhancement in thermal performance is maximum and away from this aspect ratio, the
enhancement in thermal performance decreases. For Reynolds number below 600,
there was no benefit in employing alternating oval inner pipe [7].
Maakoul et al. [8] modelled a double pipe straight heat exchanger which
employed a continuous baffle placed in a helical arrangement in the annular region.
This makes the fluid through the annulus take a helical path around the inner pipe
thereby leading significant mixing of the fluid in the annulus which in turn enhance
the heat transfer coefficient associated with the same. Simulations are done for mass
flow rate ranging from 0.1 kg/s to 0.3 kg/s in the annulus and this range is equivalent
to 5982 ≤ Re ≤ 71785. It is noticed based on simulations that with decrease in baffle
spacing, the heat transfer coefficient associated with the annulus increased for a
specific mass flow rate. Maakoul et al. [8] constructed a correlation of the Nusselt
number and friction factor based on the results of their simulation [8].
Salem et al. [9] experimentally studied the effect of perforated baffles in the
annulus of a straight double pipe heat exchanger on its thermal performance. They
studied the effect of several geometric parameters of the baffle on the thermal
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performance of the double pipe heat exchanger; the geometric parameters studied
include hole spacing ratio, void ratio, cut ratio, pitch ratios, and inclination angle. They
conducted experiments for Reynolds number ranging between 1380 and 5700 and for
Prandtl number ranging from 5.82 to 7.86 in the annulus. They found that the presence
of baffles increases the overall heat transfer coefficient for all Reynolds number
compared with the overall heat transfer coefficient in the absence of baffles.
Additionally, for a specific Reynolds number, increase in hole spacing ratio, void ratio
and inclination angle increased the overall heat transfer coefficient while increase in
cut ratio and pitch ratio decreased the overall heat transfer coefficient. Salem et al.
generated a correlation for the Nusselt number and friction factor, associated with the
flow in the annulus, based on their experimental data [9].
Majidi et al. [10] conducted experiments in a helical double pipe heat
exchanger employing air as the working fluid; additionally, the inner tube has a fin
wound around it in a helical arrangement. This particular construction of the double
pipe heat exchanger enhanced the overall heat transfer coefficient due to the mixing of
the fluid brought about by its helical movement. Majidi et al. studied the influence of
variation of flow rate of the hot and cold fluids on the overall heat transfer coefficient
of the heat exchanger; experimental results showed that increase in flow rate of either
of the fluids increased the overall heat transfer coefficient. They found good match
between the experimentally determined overall heat transfer coefficient and
correlation from literature [10].
Bahmani et al. [11] computationally studied the influence of nanofluids on
enhancing the heat transfer in counter and parallel flow double pipe heat exchanger.
They found that increase in the concentration of the nanoparticles increased the
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effectiveness of both counter and parallel flow heat exchanger irrespective of the
Reynolds number. Additionally, they claim that the effectiveness increased with
increase in Reynolds for regular fluids as well as nanofluids; this finding is
contradictory to the findings in literature where increase in Reynolds number is
accompanied with reduction in the effectiveness of heat exchangers [11].
Bashtani and Esfahani [12] carried out model-based study of a parallel flow
double pipe heat exchanger with corrugations on the outer surface of the inner pipe of
the same. They found that corrugations increased the effectiveness of the double pipe
heat exchanger irrespective of Reynolds number. Additionally, they observed from
their study that increase in amplitude of the waviness of the corrugation increased the
effectiveness of the heat exchanger for the same Reynolds number [12].
Wang et al. [13] conducted model-based study of the thermal performance of
counter flow double pipe heat exchanger with outward helical corrugations on the
inner pipe. They found that the presence of corrugations improved the thermal
performance of the heat exchanger. Additionally, the presence of corrugations leads to
increase in pressure drop experienced by both the fluids [13].
Gnanavel et al. [14] carried out numerical studies of the influence the
simultaneous employment of nanofluids and spiral spring insert in double pipe heat
exchangers. Nanofluids such as titanium oxide nanofluid, beryllium oxide nanofluid,
zinc oxide nanofluid and copper oxide nanofluid are considered in this study. Studies
were done for Reynolds number ranging from 1000 to 10000. They observed that the
simultaneous employment of nanofluids and insert increases the pressure drop and heat
transfer. They concluded that titanium oxide nanofluid is the best among all nanofluids
considered in the study [14].
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Huu-Quan et al. [15] modelled the working of a double pipe heat exchanger in
which the inner pipe is a flat pipe rather than a circular pipe. Studies were done using
Fluent module of Ansys Workbench for a wide range of Reynolds number to
understand the influence of dimensions of the inner pipe on the thermal and hydraulic
performance of the double pipe heat exchanger. They identified that when the
Reynolds number of the inner pipe is below 7000, it is advantageous to use flat pipes
with small aspect ratio. However, it is best to use circular pipes instead of flat pipes
when inner pipe Reynolds number is greater than 7000 [15].
Experiment based studies on heat transfer enhancement on thermal and
hydraulic performance of double pipe heat exchangers due to passive techniques are
almost nil. Almost all studies that claimed to experimentally study the influence of
passive techniques on double pipe heat exchangers studied just a single pipe that
incorporates the passive technique rather than the whole double pipe heat exchanger
[16-18]. The findings of all studies were just the heat transfer coefficient rather than
effectiveness which is the true performance metric of heat exchangers.
Recent years have evidenced rapid advancement in the technologies related to
3D printing and this has provided great flexibility in terms of construction materials as
well as geometries while realizing fluidic equipment [19].
Arie et al. [20] recently constructed an air-water polymer (high density
polyethylene) cross-flow heat exchanger using layer-by-layer line welding technique.
With this method they were able to construct heat exchanger with separating wall as
small as 150 μm. For this particular heat exchanger, the contribution of conduction
thermal resistance to the total thermal resistance was only 3%; also, experimental
results demonstrated the air-side heat transfer coefficient to be better than that

14
associated with many commercially available plate fin heat exchangers [20].
Saltzman et al. [21] constructed two air-liquid cross-flow heat exchangers
using laser-based powder AlSi10Mg bed fusion process. One of the 3D printed heat
exchangers employed enhancement features compared with the other 3D printed heat
exchanger. The surface roughness of the additively manufactured heat exchangers is
greater than that of a similar conventionally manufactured heat exchanger of the same
material. Nevertheless, the heat transfer of the additively manufactured heat
exchangers is 10-14 times better than that in conventional heat exchangers [21].
Zhang et al. [22] constructed an Inconel 718 manifold-microchannel heat
exchanger (a type of plate heat exchanger) by 3D printing, specifically Direct Metal
Laser Sintering (DMLS). Nitrogen was used as the hot and cold fluid in this heat
exchanger. They observed 25% greater heat transfer density than conventional plate
fin heat exchanger [22].
It can be observed from the several studies reviewed in this section that the
design proposed in this article has not been studied previous and this study is the first
one to analyze the same for enhancing heat transfer. Moreover, the proposed design is
a passive enhancement approach as there is no power required to enable it. In this
work, Fluent module of Ansys Workbench is used for understanding the influence of
geometric parameters of the heat exchanger on its thermal performance and hydraulic
performance; the thermal performance is quantified in terms of effectiveness while the
hydraulic performance is quantified in terms of pressure drops. Studies are done for
heat exchanger operating in counter and parallel flow configuration. Water is used as
the hot and cold fluid and the Acrylonitrile Butadiene Styrene (ABS) and AlSi10Mg
are employed as the structural material in this study. This thesis thus reports the
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performance of four different double pipe heat exchangers including counter flow
constructed using ABS, parallel flow constructed using ABS, counter flow constructed
using AlSi10Mg, and parallel flow constructed using AlSi10Mg. The Reynolds
number of hot fluid is varied between 50 and 1750 for each of four heat exchangers.
Additionally, studies are done for both balanced and unbalanced flow conditions of
the four heat exchangers.
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Chapter 2: Mathematical Modeling
2.1 Mathematical Modeling of the Double Pipe Heat Exchanger
This primary scope of this work is to understand the influence of fins on the
performance of double pipe heat exchangers while operating under the laminar flow
regime. This study is carried out using mathematical model. The mathematical model
of the double pipe heat exchanger consists of the continuity equations, Navier-Stokes
equations, and energy equations. The model presented in this chapter is dependent on
several assumptions as listed below.
1. Double pipe heat exchanger is operating under steady-state conditions and under
continuum regime.
2. Fluid flow in the double pipe heat exchanger is under laminar flow conditions.
3. Fluids employed in the double pipe heat exchanger are incompressible and do not
undergo phase change.
4. Fluids in the double pipe heat exchanger do not exchange heat with the
surroundings.
5. There is no viscous dissipation associated the fluids in the double pipe heat
exchanger.
The continuity equation of the hot and cold fluids is provided below, i.e.
Equations 2.1 and 2.2 [23]. These equations assume that the flow is incompressible.

𝜕𝑢ℎ
𝜕𝑥

𝜕𝑢𝑐
𝜕𝑥

+

+

𝜕𝑣ℎ
𝜕𝑦

𝜕𝑣𝑐
𝜕𝑦

+

+

𝜕𝑤ℎ
𝜕𝑧

𝜕𝑤𝑐
𝜕𝑧

=0

=0

(2.1)

(2.2)
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Where u represents the velocity of the fluid in the x-direction, v represents the
velocity of the fluid in the y-direction, w represents the velocity of the fluid in the zdirection; h and c represent the hot and cold fluid, respectively. The Navier-Stokes
equations of the hot and cold fluids are provided in Equations 2.3.a, 2.3.b, 2.3.c and
Equations 2.4.a, 2.4.b, 2.4.c, respectively [23]. The terms on the left hand side of
Equations 2.3.a, 2.3.b, 2.3.c and Equations 2.4.a, 2.4.b, 2.4.c represent convective
terms while the terms in the parenthesis on the right hand side represent the viscous
terms; the other term on the right hand side represents the spatial variation of pressure.
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(2.3.b)

) (2.3.c)

(2.4.a)

)

𝜕2 𝑤𝑐

(2.3.a)

(2.4.b)

)

(2.4.c)

Where P represents the pressure of the fluid, µ represents the viscosity of the
fluid, and ρ represents the density of the fluid. The energy equations of the hot and
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cold fluid are provided in Equation 2.5 and 2.6, respectively. Equation 2.7 and 2.8
represents the energy equations of the walls; Equation 2.7 is associated with the wall
separating the hot fluid and the surroundings while Equation 2.8 represents the wall
separating the hot and the cold fluids. It can be noticed that the energy equation of
walls does not have convective terms unlike that of the fluids.
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Where T represents the temperature of the fluid, Cp represents the specific heat
capacity of the fluid, k represents the thermal conductivity of the fluid; w1 represents
the wall separating the hot fluid and the surroundings while w2 represents the wall
separating the cold fluid and the hot fluid. In order to solve the governing equations, it
is important to have boundary conditions for the Navier-Stokes equations and the
energy equations. The boundary conditions include known temperature at the inlets,
known velocity at the inlets, known velocities on the walls, known pressure at the
outlets, known gradient of temperature at the outlets, heat flux and temperature
continuity at the wall/liquid interfaces, and zero heat flux associated with the outer
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wall of the outer pipe. The boundary conditions are provided in mathematical terms in
the following equations. The inlet velocities are determined from the Reynolds number
of the fluids as shown in Equation 2.9 (a) and 2.10 (a); the Reynolds number of the hot
fluid is varied between 50 and 1750. Thus uniform velocity is assumed at the inlets.
The cold fluid Reynolds number is linked to the hot fluid Reynolds number through
the heat capacity ratio as shown in Equation 2.10; in this work, simulations are done
for heat capacity ratio of unity and 0.5. The hot and cold fluid Reynolds number are
below 2000 thereby limiting this study to just laminar conditions. The transverse
velocities of the fluids at the inlet is assumed to be non-existent as shown in Equations
2.9 (a), 2.9 (b), 2.9 (c) and 2.10 (a), 2.10 (b), 2.10 (c). As the model is based on
continuum regime, the fluid velocities on the interface between each of the fluids and
the neighboring wall is zero as shown in Equations 2.11 (a), 2.11 (b), 2.11 (c), 2.12
(a), 2.12 (b), 2.12 (c), 2.13 (a), 2.13 (b) and 2.13 (c). Equations 2.11 (a), 2.11 (b) and
2.11 (c) shows the velocities of the hot fluid at the interface between the hot fluid and
the wall separating the hot fluid and the surroundings. Equations 2.12 (a), 2.12 (b) and
2.12 (c) shows the velocities of the hot fluid at the interface between the hot fluid and
the wall separating the hot and cold fluids. Equations 2.13 (a), 2.13 (b) and 2.13 (c)
represents the velocities of the cold fluid at the interface between the cold fluid and
the wall separating the hot and cold fluids.
Figure 4 provides the schematic of the location of the boundaries of the double
pipe heat exchanger mentioned with regards to then boundary conditions. The
equations provided below are applicable to both counter and parallel flow heat
exchangers.
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𝑢ℎ,𝑖𝑛 = 𝑅𝑒ℎ

𝜇ℎ

2.9 (a)

𝜌ℎ 𝐷ℎ𝑦,ℎ

𝑣ℎ,𝑖𝑛 = 0

2.9 (b)

𝑤ℎ,𝑖𝑛 = 0

2.9 (c)

𝑢𝑐,𝑖𝑛 = 𝑅𝑒𝑐

𝜇𝑐
𝜌𝑐 𝐷ℎ𝑦,𝑐

= 𝐶𝑟 𝑅𝑒ℎ

𝜇ℎ 𝑐𝑝,ℎ
𝑐𝑝,𝑐 𝜌𝑐 𝐷ℎ𝑦,𝑐

2.10 (a)

𝑣𝑐,𝑖𝑛 = 0

2.10 (b)

𝑤𝑐,𝑖𝑛 = 0

2.10 (c)

𝑢ℎ−𝑤1 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0

2.11 (a)

𝑣ℎ−𝑤1 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0

2.11 (b)

𝑤ℎ−𝑤1 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0

2.11 (c)

𝑢ℎ−𝑤2 𝑖𝑛𝑡𝑒𝑓𝑎𝑐𝑒 = 0

2.12 (a)

𝑣ℎ−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0

2.12 (b)

𝑤ℎ−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0

2.12 (c)

𝑢𝑐−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0

2.13 (a)

𝑣𝑐−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0

2.13 (b)

𝑤𝑐−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0

2.13 (c)
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 4: Schematic of the location of the boundaries associated within the double pipe
heat exchanger. (a) cold fluid inlet of counter flow, (b) cold fluid inlet of parallel flow,
(c) hot fluid inlet of counter and parallel flow, (d) cold fluid outlet of counter flow, (e)
cold fluid outlet of parallel flow, (f) hot fluid outlet of counter and parallel flow, (g)
interface between hot fluid and wall separating the hot fluid from the surroundings for
counter and parallel flow, (h) interface between hot fluid and wall separating the fluids
for counter and parallel flow, and (i) interface between cold fluid and wall separating
the fluids for counter and parallel flow
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Where in represents the inlet, i represents inner, and o represents outer. The
pressure at the exit of the hot and cold fluids is shown in Equations 2.14 and 2.15,
respectively. In both cases the exit gage pressure is assumed to be zero.

𝑃ℎ,𝑜𝑢𝑡 = 0

2.14

𝑃𝑐,𝑜𝑢𝑡 = 0

2.15

Where out represents the outlet of the hot and cold fluid flow passages. The
inlet temperature is kept constant for all studies as shown in Equations 2.16 and 2.17.

𝑇ℎ,𝑖𝑛 = 353 𝐾

2.16

𝑇𝑐,𝑖𝑛 = 293 𝐾

2.17

Equations 2.18, 2.19 and 2.20 represent the continuity of temperature at the
interfaces. Equation 2.18 represents the continuity of temperature at the interface
between the hot fluid and the wall separating the hot fluid and the surroundings while
Equation 2.19 represents the continuity of temperature at the interface between the hot
fluid and the wall separating the hot and cold fluids. Similarly, Equation 2.20
represents the continuity of temperature at the interface between the cold fluid and the
wall separating the hot and cold fluids. In addition, there exists continuity of heat flux
at the interface between the fluid and the wall as shown in Equations 2.21, 2.22 and
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Equation 2.23. Equation 2.21 represents the continuity of heat flux at the interface
between hot fluid and the wall separating the hot fluid and the surroundings while
Equation 2.22 indicates the continuity of heat flux at the interface between the hot fluid
and the wall separating the hot and cold fluids. Equation 2.23 represents the continuity
of heat flux on the interface between the cold fluid and the wall separating the hot and
cold fluids.

𝑇ℎ |ℎ−𝑤1 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝑇𝑤1 |ℎ−𝑤1 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

2.18

𝑇ℎ |ℎ−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝑇𝑤2 |ℎ−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

2.19

𝑇𝑐 |𝑐−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝑇𝑤2 |𝑐−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

2.20

𝑘ℎ

𝑘ℎ

𝑘𝑐

𝜕𝑇ℎ

|

= 𝑘𝑤1

|

= 𝑘𝑤2

⃗ ℎ−𝑤1 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
𝜕𝑛

𝜕𝑇ℎ

⃗ ℎ−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
𝜕𝑛

𝜕𝑇𝑐

|
⃗

𝜕𝑛 𝑐−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

= 𝑘𝑤2

𝜕𝑇𝑤1

|

2.21

|

2.22

⃗ ℎ−𝑤1 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
𝜕𝑛

𝜕𝑇𝑤2

⃗ ℎ−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
𝜕𝑛

𝜕𝑇𝑤2

|

⃗ 𝑐−𝑤2 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
𝜕𝑛

2.23

Where 𝑛⃗ is the normal to the interface; subscripts h-w1 represents the interface
between the hot fluid and the wall separating the hot fluid and the surroundings, h-w2
represents the interface between the hot fluid and the wall separating the fluids, and cw2 represents the interface between the cold fluid and the wall separating the fluids.
In addition, the axial gradient of temperature at each of the exit is zero as no heat
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transfer between the fluids takes place beyond the exits and thus there is no change in
temperature of the fluids along the flow direction. These two thermal conditions are
presented mathematically in the equations below, i.e. Equation 2.24 and 2.25.

𝜕𝑇ℎ

|

=0

2.24

|

=0

2.25

𝜕𝑥 𝑜𝑢𝑡

𝜕𝑇𝑐

𝜕𝑥 𝑜𝑢𝑡

One of the performance metrics of a heat exchanger is effectiveness, and it
represents the ratio of the actual heat transfer between the fluids to the maximum heat
transfer between the two fluids [1, 2]. Equation 2.26 quantifies the effectiveness of the
heat exchangers and it can be determined using the heat lost by the hot fluid or the heat
gained by the cold fluid. Effectiveness represents the ratio of the actual heat transfer
to the maximum heat transfer possible in a heat exchanger for a specific set of
operating parameters; thus, effectiveness is the ratio of the maximum possible heat
transfer that is transferred between the fluids. Another performance metric is the
pressure drop and it is quantified as shown in Equations 2.27 and 2.28. Equation 2.27
is the pressure drop associated with the hot fluid while Equation 2.28 is the pressure
drop associated with the cold fluid. The average temperature across the cross-section
of the inlets and outlets are used for determining Equation 2.26. The average
temperature is determined as shown in Equation 2.29. The average pressure across the
cross-section of the inlets and outlets are used for determining Equation 2.27 and 2.28.
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𝜀=

𝐶ℎ (𝑇̅ℎ,𝑖𝑛 −𝑇̅ℎ,𝑜𝑢𝑡 )
𝐶𝑚𝑖𝑛 (𝑇̅ℎ,𝑖𝑛 −𝑇̅𝑐,𝑖𝑛 )

=

𝐶𝑐 (𝑇̅𝑐,𝑜𝑢𝑡 −𝑇̅𝑐,𝑖𝑛 )
𝐶𝑚𝑖𝑛 (𝑇̅ℎ,𝑖𝑛 −𝑇̅𝑐,𝑖𝑛 )

2.26

∆𝑃ℎ = (𝑃ℎ,𝑖𝑛 − 𝑃ℎ,𝑜𝑢𝑡 )

2.27

∆𝑃𝑐 = (𝑃𝑐,𝑖𝑛 − 𝑃𝑐,𝑜𝑢𝑡 )

2.28

∫
𝑇̅ = 𝐴

𝑐𝑝 𝜌𝑉𝑇𝑑𝐴

∫𝐴 𝑐𝑝 𝜌𝑉𝑑𝐴

2.29

Where 𝑇̅ is the average temperature of the fluids, V is the local average velocity
of the fluid, ∆P is the pressure drop between the inlet and outlet of each channel and
C is the heat capacity; min represents the minimum heat capacity among the hot and
cold fluid heat capacities.
2.2 Solution
The mathematical modeling is carried out using Fluent module of Ansys
Workbench. There are several steps involved with solving the governing equations
using Fluent and these include creating the geometry of the computational domain,
meshing the computational domain, assigning the thermophysical properties to the
entities of the computational domain, assigning boundary conditions to the
computational domain, and solving the governing equations. Afterwards the required
field variables are extracted from the solution to determine the required performance
metrics.
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Figure 5 provides a schematic representation of the steps involved with
determining the field variables. Once the field variables are determined, the average
of the required field variables are extracted to determine the performance metrics. The
average of the pressures and temperatures on the inlets and outlets of the heat
exchanger are determined for calculation of performance metrics.

Figure 5: Schematic of the pre-processing, processing, and post-processing steps
associated with the simulation.

The geometry of the double pipe heat exchanger is provided in Figure 3. It can
be noticed that the double pipe heat exchanger is an axisymmetric structure and this
allows for reducing the computational domain from the full heat exchanger to ¼ of the
full size. Figure 6 provides the schematic of the reduced computational domain.

Figure 6: Schematic of the computational domain of the conceptualized double pipe
heat exchanger with protrusions on the outside of the inner pipe
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The above listed boundary conditions are valid even for the reduced
computational domain. However, few additional boundary conditions are needed to be
employed for the reduced computational domain. This is because two new planes, a
vertical and horizontal, were created during the reduction of the computational
domain. The purpose of the additional boundary condition is to indicate that the newly
created vertical and horizontal planes are planes of symmetry for the field variables.
The component of the velocity perpendicular to these planes is zero as well as the
normal gradient of the velocities on these planes is non-existent; this is mathematically
represented as in Equation 2.30 to Equation 2.37. The thermal boundary conditions on
these planes are represented as shown in Equations 2.38 and 2.39 and they indicate
that there is no variation of temperature in the direction normal to these two planes.

𝜕𝑢ℎ

|

=0

2.30

|

=0

2.31

|

=0

2.32

|

=0

2.33

⃗ 𝑣𝑝 𝑎𝑛𝑑 ℎ𝑝
𝜕𝑛

𝜕𝑢𝑐

⃗ 𝑣𝑝 𝑎𝑛𝑑 ℎ𝑝
𝜕𝑛

𝜕𝑣ℎ

⃗ 𝑣𝑝 𝑎𝑛𝑑 ℎ𝑝
𝜕𝑛

𝜕𝑣𝑐

⃗ 𝑣𝑝 𝑎𝑛𝑑 ℎ𝑝
𝜕𝑛

𝜕𝑤ℎ

|

=0

2.34

|

=0

2.34

⃗ 𝑣𝑝 𝑎𝑛𝑑 ℎ𝑝
𝜕𝑛

𝜕𝑤𝑐

⃗ 𝑣𝑝 𝑎𝑛𝑑 ℎ𝑝
𝜕𝑛
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𝑤ℎ |𝑣𝑝 = 0

2.36

𝑤𝑐 |𝑣𝑝 = 0

2.37

𝜕𝑇ℎ

|

=0

2.38

|

=0

2.39

⃗ 𝑣𝑝 𝑎𝑛𝑑 ℎ𝑝
𝜕𝑛

𝜕𝑇𝑐

⃗ 𝑣𝑝 𝑎𝑛𝑑 ℎ𝑝
𝜕𝑛

Where hp and vp represents horizontal plane and vertical plane.
Several combinations of geometric parameters are simulated as part of this
work. Table 1 shows the different combinations of geometric parameters. As indicated
in the table, for each design only one parameter is varied while the other parameters
are kept constant. The hot fluid Reynolds number is ranged between 50 and 1750 in
this study as its purpose is to understand the performance of the double pipe heat
exchanger under laminar flow conditions; the corresponding cold fluid Reynolds
number range is also within the laminar flow regime. The cold fluid is transported
through the inner pipe while the hot fluid is transported through the outer pipe. Figure
7 provides a schematic of the pin-fin and the associated dimensions.
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Table 1: List of simulated designs

L

H

Θ

(mm)

(mm)

(o)

-

-

-

-

30

10

Design #

Design 0

Operating

Geometric

Conditions

parameters (m)

#

Design 1

10
20

Design 2

50 ≤ Reh ≤ 1750

20

rw1,in = 0.25
rw1,out = 0.26

Th,in = 353 K
Design 1

20

rw2,in = 0.125
10

Design 3

30

10

Tc,in = 293 K

40

rw1,in = 0.135
Cr = 1 and 0.5

Design 4

10
20

Design 1

10

L = 0.5
10

30

Figure 7: Schematic of the inner pipe with a pin-fin and associated dimensions
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The designs detailed in Table 1 are schematically shown in the figure below, Figure
8.

Design 0

Design 1

Design 2

Design 3

Design 4
Figure 8: Schematic of the different designs presented in Table 2.1
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As seen in Figure 8, Design 0 represents the double pipe heat exchanger
without pin-fins while Design 1, Design 2, Design 3, and Design 4 represent the double
pipe heat exchangers with pin-fins.
Design 1 and Design 2 are used for understanding the influence of pin-fin
height on thermohydraulic performance of both ABS and AlSi10Mg double pipe heat
exchangers. The height of the pin-fin for Design 1 is 10 mm while that for Design 2 is
20 mm; the length and subtended angle of the pin-fins for both these two designs are
20 mm and 30o, respectively.
Design 1 and Design 3 are used for understanding the influence of pin-fin
length on the thermohydraulic performance of both ABS and AlSi10Mg double pipe
heat exchangers. The length of pin-fin for Design 1 and Design 3 are 20 mm and 40
mm, respectively; the height and subtended angle of both these designs are 10 mm and
30o, respectively.
Design 1 and Design 4 are used for understanding the influence of subtended
angle on the thermohydraulic performance of ABS and AlSi10Mg double pipe heat
exchangers. The subtended angle of Design 1 and Design 4 are 30o and 10o,
respectively; the height and length of the pin-fins are 10 mm and 20 mm, respectively.
As already mentioned, only a quarter of the double pipe heat exchanger is used while
computing Design 0, Design 1, Design, 2, and Design 3; however, half the double pipe
heat exchanger is used for Design 4 as the quarter of the double pipe heat exchanger
of Design 4 is not symmetric about the vertical and horizontal planes like other
designs. In addition, due to the presence of pin-fins in the annulus, the flow in the same
might experience reversed flow while carrying out computation in Fluent. This is
eliminated by extending the annulus flow domain for all Design 1, Design 2, Design
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3, and Design 4.
A sample of this extension is shown in Figure 9 Once the computational
domain is created and named, the same is meshed.

Figure 9: Schematic of the extra flow domain for annulus to avoid reversed flow
while solving for field variables in Fluent.

Figure 10 is a sample of the meshed computational domain. As can be noticed
from Figure 10 that unstructured grid has been generated by Fluent primarily for
double pipe heat exchanger with pin-fins. The double pipe heat exchanger with pinfins is not an axisymmetric structure and this is expected to the reason for the
generation of the unstructured grid. Nevertheless, the use unstructured grid has not
affected the simulation can be noticed from the grid independence study and model
validation section of the next chapter. The number of grids in the wall between the
fluids may seem low, but it does not affect the results since the heat transfer through
the wall is one-dimensional.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 10: Schematic of the meshed computational domain of double pipe heat
exchangers without, and with pin fins. (a), (b), and (c), without pin fins and (d), (e),
and (f), with pin-fins.
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Table 2: Thermophysical properties of fluids and structural materials
Property

Hot fluid

Cold fluid

AlSi10Mg

ABS

0.68

0.597

170

0.2

974

1000

2650

-

4196

4181

890

-

0.0003545

0.001006

-

-

Thermal
conductivity
(W/mK)
Density (kg/m3)
Specific heat
capacity (J/kgK)
Viscosity (Pa.s)

The properties of the fluids as well as the structural materials are provided in,
Table 2. The properties of the hot fluid are determined at 353 K while that of the cold
fluid are determined at 293 K. It is assumed that the fluid properties remain constant
throughout the channels. The below listed properties of AlSi10Mg correspond to heat
treated AlSi10Mg [24, 25]. The properties of ABS are obtained from literature [26].
Properties of 3D printed ABS was not easy to find from literature. Fortunately,
the only property of AlSi10Mg and ABS that is relevant for simulation is thermal
conductivity. The other properties such as density and specific heat capacity are not
relevant for steady-state simulations. This can be clearly noticed from the equations
and boundary conditions of the model detailed in the earlier part of this chapter.
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Chapter 3: Results and Discussions
The first part of this thesis deals with counter flow heat exchanger, while the
second part of this thesis deals with parallel flow heat exchangers. This chapter details
the results that have been obtained from the study carried out as part of this thesis.
Within the sections dedicated to the counter flow and parallel flow heat exchanger, the
performance of the heat exchanger with different structural materials are detailed.
3.1 Counter Flow Heat Exchanger
This section details the finding of the parametric study conducted to understand
the influence of geometric parameters on the performance of double pipe counter flow
heat exchangers.
Figure 11 provides a comparison of the variation of effectiveness with respect
to hot fluid Reynolds number for double pipe counter flow heat exchangers, with and
without pin-fins, under balanced conditions. Figure 11 (a) presents the variation of the
effectiveness with the hot fluid Reynolds number for AlSi10Mg double pipe counter
flow heat exchangers while Figure 11 (c) represents the variation of the effectiveness
with hot fluid Reynolds number for ABS double pipe counter flow heat exchangers;
these two plots are for balanced flow condition. The pressure drop associated with the
hot and cold fluids of AlSi10Mg double pipe counter flow heat exchangers under
balanced flow condition is provided in Figure 11 (b), while Figure 11 (d) represents
the pressure drop associated with the hot and cold fluids for ABS double pipe counter
flow heat exchangers; both these figure are for balanced flow conditions. It can be
noticed that the presence of pin-fins enhances the effectiveness of AlSi10Mg double
pipe counter flow heat exchangers while the effectiveness of ABS double pipe counter
flow heat exchangers remains nearly unaffected by the presence of pin-fins. For
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AlSi10Mg double pipe counter flow heat exchangers, the difference in effectiveness,
between those with and without pin-fins, for a specific hot fluid Reynolds number is
more pronounced at high hot fluid Reynolds numbers than at low hot fluid Reynolds
numbers. This is associated with the change in overall heat transfer coefficient with
increase in the hot fluid Reynolds number.

(a)

(b)
Figure 11: Influence of hot fluid Reynolds number on the effectiveness and pressure
drop of AlSi10Mg and ABS with and without pin-fins at counter flow
configuration, (L = 20 mm, H = 10 mm, Θ = 30o, # = 10, Cr = 1). (a) Effectiveness
of AlSi10Mg with (‒‒) and without (‒‒) pin-fins, (b) pressure drop of AlSi10Mg
with (‒‒) and without (‒‒) pin-fins, (c) effectiveness of ABS with (‒‒) and without
(‒‒) pin-fins, and (d) pressure drop of fluids of ABS with (‒‒) and without (‒‒) pinfins; counter flow configuration
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(c)

(d)
Figure 11: Influence of hot fluid Reynolds number on the effectiveness and pressure
drop of AlSi10Mg and ABS with and without pin-fins at counter flow
configuration, (L = 20 mm, H = 10 mm, Θ = 30o, # = 10, Cr = 1). (a) Effectiveness
of AlSi10Mg with (‒‒) and without (‒‒) pin-fins, (b) pressure drop of AlSi10Mg
with (‒‒) and without (‒‒) pin-fins, (c) effectiveness of ABS with (‒‒) and without
(‒‒) pin-fins, and (d) pressure drop of fluids of ABS with (‒‒) and without (‒‒) pinfins; counter flow configuration (Continued)

Figure 12 shows the variation of thermal conductance with hot fluid Reynolds
number. At high hot fluid Reynolds number, the disruption of boundary layer is
significant compared with that at low hot fluid Reynolds number and this is the reason
for the observed enhancement in effectiveness with increase in hot fluid Reynolds
number.
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(a)

(b)

Figure 12: Variation of thermal conductance with hot fluid Reynolds number of
double pipe counter flow heat exchanger for AlSi10Mg and ABS with and without
pin fins, (L = 20 mm, H = 10 mm, Θ = 30o, # = 10, Cr = 1) (a) AlSi10Mg with (‒‒)
and without (‒‒) pin-fins and (b) ABS with (‒‒) and without (‒‒) pin-fins

On comparing the effectiveness of AlSi10Mg and ABS double pipe counter
flow heat exchangers, without pin-fins, the effectiveness of the latter is lower than the
former this is because the thermal conductivity of the ABS is almost 3 orders of
magnitude smaller than that of AlSi10Mg. The presence of pin-fins leads to a slight
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negative effect on the effectiveness of ABS double pipe counter flow heat exchangers
at low hot fluid Reynolds number while at high hot fluid Reynolds number, the
effectiveness is almost independent of the presence of pin-fins. This behavior is
different from that observed for AlSi10Mg double pipe counter flow heat exchangers.
The reason for the slight degradation of effectiveness of ABS double pipe counter flow
heat exchangers, with the presence of pin-fins, at low hot fluid Reynolds number is
due to the degradation of overall heat transfer coefficient. The low thermal
conductivity of ABS and the increase in the wall thickness, due to the presence of pinfins, increases the conduction thermal resistance of the wall between the fluids.
Additionally, the reduction of convective thermal resistance associated with the hot
fluid at low hot fluid Reynolds number is small. The combined effect of the increase
in conduction thermal resistance and the slight decrease in convective thermal
resistance leads to the drop in effectiveness of ABS double pipe heat exchanger, with
pin-fins, at low Reynolds number. With the increase in hot fluid Reynolds number, the
convective thermal resistance associated with the hot fluid decreases thereby starting
to compensate the increase in conduction thermal resistance thereby equalizing the
effectiveness of the ABS double pipe counter flow heat exchanger. It can also be
noticed from Figure 12 that the presence of pin fins increases the pressure drop
associated with the hot fluid of both AlSi10Mg and ABS double pipe counter flow
heat exchangers, with pin-fins, in comparison with corresponding ABS and AlSi10Mg
double pipe counter flow heat exchangers without pin-fins. This is because the
presence of pin fins disrupts the hydrodynamic boundary layer as well as reduces the
flow area leading to the observed increase in pressure drop. It can also be noticed that
as the pin-fins are only in the annulus, the pressure drop associated with the cold fluid
remains unaffected for all cases of double pipe counter flow heat exchangers.
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Figure 13 shows the velocity plots (contour and vector) of the hot and cold
fluid for balanced flow AlSi10Mg double pipe counter flow heat exchangers when the
hot fluid Reynolds number is 50 and 1750. It can be noticed that at low hot fluid
Reynolds number of 50 the flow passes undisturbed over the pin-fins; however, at high
hot fluid Reynolds number of 1750 the flow experiences significant disturbance due
to which there is mixing of the same thereby leading to enhancement of heat transfer
coefficient associated with hot fluid.

(a)
Figure 13: Velocity contour and velocity vector plots for AlSi10Mg double pipe
counter flow heat exchanger for Reh = 50 and 1750 (L = 20 mm, H = 10 mm, Θ =
30o, # = 10, Cr = 1). (a) Reh = 50 (contour), (b) Reh = 50 (vector), (c) Reh = 1750
(contour) and (d) Reh = 1750 (vector)
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(b)

(c)

(d)
Figure 13: Velocity contour and velocity vector plots for AlSi10Mg double pipe
counter flow heat exchanger for Reh = 50 and 1750 (L = 20 mm, H = 10 mm, Θ =
30o, # = 10, Cr = 1). (a) Reh = 50 (contour), (b) Reh = 50 (vector), (c) Reh = 1750
(contour) and (d) Reh = 1750 (vector) (Continued)
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From Figure 11, it can be noticed that the effectiveness, for all double pipe heat
exchangers, reduces with increase in hot fluid Reynolds number. Increase in hot fluid
Reynolds number leads to the simultaneous reduction in the residence time of the
fluids as well as increase in the heat transfer coefficient associated with the fluids.
Reduction in residence time reduces the time available for fluids to exchange heat and
the increase in heat transfer coefficient associated with the fluids lead to increase in
the heat transfer between the fluids. However, the influence of reduction in residence
time on effectiveness dominates the influence of increase in heat transfer coefficients
thereby leading to the observed reduction in effectiveness.
Figure 14 shows the influence of hot fluid Reynolds number on the thermal
and hydraulic performance of both AlSi10Mg and ABS double pipe counter flow heat
exchangers for an unbalanced flow condition. The heat capacity ratio considered in
this study is 0.5; it is stressed here that unbalanced flow is achieved in the heat
exchangers by reducing the mass flow rate of the cold fluid while keeping the mass
flow rate of hot fluid constant. The trends in the charts provided in Figure 14 is same
as that provided in Figure 11. Nevertheless, it can be noticed that the effectiveness of
all double pipe counter flow heat exchangers for unbalanced flow condition is greater
than that for balanced flow condition. Reduction in the mass flow rate of the cold fluid
leads to increase of the residence time associated with the same as well as reduction in
the heat transfer coefficient associated with the cold fluid and subsequently reduce the
overall heat transfer coefficient. However, the influence of the reduction in residence
time on heat transfer dominates the influence of reduction in overall heat transfer
coefficient on heat transfer and thus, there is increase in the effectiveness of the fluids
with reduction in heat capacity ratio.
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(a)

(b)

Figure 14: Influence of hot fluid Reynolds number on the effectiveness and pressure
drop of AlSi10Mg and ABS with and without pin fins at counter flow configuration
(L = 20 mm, H = 10 mm, Θ = 30o, # = 10, Cr = 0.5). (a) Effectiveness of AlSi10Mg
with (‒‒) and without (‒‒) pin-fins, (b) pressure drop of fluids of AlSi10Mg with (‒‒
) and without (‒‒) pin-fins, (c) effectiveness of ABS with (‒‒) and without (‒‒) pinfins, and (d) pressure drop of fluids of ABS with (‒‒) and without (‒‒) pin-fins;
counter flow configuration

44

(c)

(d)

Figure 14: Influence of hot fluid Reynolds number on the effectiveness and pressure
drop of AlSi10Mg and ABS with and without pin fins at counter flow configuration
(L = 20 mm, H = 10 mm, Θ = 30o, # = 10, Cr = 0.5). (a) Effectiveness of AlSi10Mg
with (‒‒) and without (‒‒) pin-fins, (b) pressure drop of fluids of AlSi10Mg with (‒‒
) and without (‒‒) pin-fins, (c) effectiveness of ABS with (‒‒) and without (‒‒) pinfins, and (d) pressure drop of fluids of ABS with (‒‒) and without (‒‒) pin-fins;
counter flow configuration (Continued)
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Figure 15 shows the temperature contour plots of AlSi10Mg and ABS double
pipe heat exchangers under balanced and unbalanced flow conditions.

(a)

(b)
Figure 15: Temperature contour plots for AlSi10Mg double pipe counter flow heat
exchanger for Reh = 50 and 1750 for (Cr = 1 and 0.5) (L = 20 mm, H = 10 mm, Θ =
30o, # = 10). (a) Reh = 50 (Cr = 1), (b) Reh = 1750 (Cr = 1), (c) Reh = 50 (Cr = 0.5),
and (d) Reh = 1750 (Cr = 0.5). (Wall contour is not included for differentiating)
between fluids)
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(c)

(d)
Figure 15: Temperature contour plots for AlSi10Mg double pipe counter flow heat
exchanger for Reh = 50 and 1750 for (Cr = 1 and 0.5) (L = 20 mm, H = 10 mm, Θ =
30o, # = 10). (a) Reh = 50 (Cr = 1), (b) Reh = 1750 (Cr = 1), (c) Reh = 50 (Cr = 0.5),
and (d) Reh = 1750 (Cr = 0.5). (Wall contour is not included for differentiating)
(Continued)
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Figure 16 provides the variation of thermal conductance with hot fluid
Reynolds number of double pipe counter flow heat exchanger while operating under
unbalanced flow condition. Figure 16 shows the variation of thermal conductance with
hot fluid Reynolds numbers. It can be noticed from Figure 14 that pressure drop
associated with hot fluid of all ABS and AlSi10Mg double pipe counter flow heat
exchangers are operating under unbalanced flow condition is same as that when the
same are operating under balanced flow condition. The reason for this is that the mass
flow rate of hot fluid for both balanced and unbalanced flow conditions are the same.
On the other hand, the pressure drop associated with the cold fluid of ABS and
AlSi10Mg double pipe counter flow heat exchangers changes with changes in the heat
capacity ratio. The pressure drop associated with cold fluid of these heat exchangers
is lower in the case of unbalanced flow condition compared with the balanced flow
condition. The reason for this is that the mass flow rate of cold fluid employed in the
case of unbalanced flow condition is half of that employed in the case of balanced flow
condition. Moreover, the material of the heat exchanger does not affect the pressure
drop associated with the fluids and this is because the surface are assumed to be
smooth.
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(a)

(b)
Figure 16: Thermal conductance of double pipe counter flow heat exchanger for
AlSi10Mg and ABS with and without pin-fins (L= 20 mm, H = 10 mm, Θ = 30o, # =
10, Cr = 0.5). (a) AlSi10Mg with (‒‒) and without (‒‒) pin-fins and (b) ABS with (‒
‒) and without (‒‒) pin-fins

Figure 17 shows the effect of hot fluid Reynolds number and pin-fin height on
the effectiveness of AlSi10Mg and ABS double pipe counter flow heat exchangers
while operating under balanced flow condition. It can be noticed that the effectiveness
of the AlSi10Mg double pipe counter flow heat exchangers with pin-fins is better than
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the effectiveness of the AlSi10Mg double pipe counter flow heat exchanger without
pin-fins. On the other hand, the effectiveness of ABS double pipe counter flow heat
exchangers with pin-fins is almost similar to ABS double pipe counter flow heat
exchanger without pin-fins. When comparing between the effectiveness of AlSi10Mg
and ABS double pipe counter flow heat exchangers, the effectiveness of the former is
greater than that of the latter and this is because of the thermal conductivity of ABS is
three orders of magnitude smaller than that of AlSi10Mg. The lower thermal
conductivity of ABS double pipe counter flow heat exchangers causes greater thermal
conduction resistance in the heat transfer path than for the heat transfer path in
AlSi10Mg double pipe counter flow heat exchangers. It can be noticed, from Figure
17 (a) that at low and high hot fluid Reynolds numbers, the effectiveness of the
AlSi10Mg double pipe counter flow heat exchangers is almost independent of the
height of the pin-fins while at intermediate hot fluid Reynolds numbers, the
effectiveness is dependent on the height of pin-fins. At low hot fluid Reynolds
numbers, the variation of height of the pin-fins leads to enhancement of overall heat
transfer coefficient; moreover, the mass flow rate is low due to which the residence
time is high and almost constant for all AlSi10Mg double pipe counter flow heat
exchangers irrespective of the height of the pin-fins. The increase in overall heat
transfer coefficient as well as high residence time positively contribute to heat transfer
between the fluids; however, the effect of high residence time on heat transfer
dominates the influence of overall heat transfer coefficient on heat transfer thereby
leading to the effectiveness being independent of the height of the pin-fins for low hot
fluid Reynolds numbers. At high hot fluid Reynolds number, the flow is significantly
disturbed irrespective of the height of the pin-fins due to which the overall heat transfer
coefficient is independent of the height of the pin-fins. Additionally, the residence time
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is almost same for all AlSi10Mg double pipe counter flow heat exchangers. Thus, the
combined effect of equal overall heat transfer coefficients and equal residence times
lead to the effectiveness being independent of the height of the pin-fins at high hot
fluid Reynolds numbers. At intermediate hot fluid Reynolds numbers, the
effectiveness is dependent on the height of the pin-fins as can be observed from Figure
17 (a) At a specific intermediate hot fluid Reynolds number, the disturbance of the
flow is dependent on the height of the pin-fins due to which the overall heat transfer
coefficient is dependent on the hot fluid Reynolds number. Regarding the residence
time, it remains almost same irrespective of the height of the pin-fins for a specific hot
fluid Reynolds number. The increase in overall heat transfer coefficient with increase
in the height of pin-fins leads to increase in heat transfer between the fluids; moreover,
the residence time at intermediate hot fluid Reynolds numbers is not significant to
dominate the influence of overall heat transfer coefficient on the heat transfer as for
the cases at low hot fluid Reynolds numbers. Thus, the increase in height of pin-fins
lead to increase in effectiveness of the AlSi10Mg double pipe counter flow heat
exchanger as can be noticed from Figure 17 (a), and (c) it can be noticed that ABS
double pipe counter flow heat exchanger with pin-fins, at low hot fluid Reynolds
numbers, experiences a slight reduction in effectiveness compared with ABS double
pipe counter flow heat exchangers without pin-fins. This is due to the decrease in
overall heat transfer coefficient of ABS double pipe counter flow heat exchangers with
pin-fins compared with the ABS double pipe counter flow heat exchangers without
pin-fins. Due to the low thermal conductivity of ABS, the increase in average thickness
of the wall separating the fluids leads to reduction in overall heat transfer coefficient
which in turn dominates the residence time of the fluids with regards to contribution
towards heat transfer thereby leading to the observed reduction in effectiveness. It can
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also be noticed from Figure 17 (c) that increase in hot fluid Reynolds number leads to
the narrowing of the difference in effectiveness of the ABS double pipe counter flow
heat exchangers with and without pin-fins. With increase in hot fluid Reynolds
number, there is increase in overall heat transfer coefficient due to the increase in heat
transfer coefficient associated with the fluids which in turn is due to the enhancement
of flow disturbance as well as increase in entrance length. This increase in overall heat
transfer coefficient, at a specific hot fluid Reynolds number in the high hot fluid
Reynolds number range, increases the effectiveness of the ABS double pipe counter
flow heat exchangers with pin-fins to match that of ABS double pipe counter flow heat
exchanger without pin-fins. It can be noticed from Figure 17 (b) and (d) that the
pressure drop associated with the fluids increases with increase in hot fluid Reynolds
number for all heat exchangers. Moreover, the pressure drop of the hot and cold fluids
at a specific hot fluid Reynolds number is independent of the material of the heat
exchanger. This is because of the smoothness of the surfaces are assumed to be
independent of the material of the heat exchangers. It can as well be noticed from
Figure 17 (b) and (d) that the pressure drop of the hot fluid, at a specific hot fluid
Reynolds number, increases with increase in the height of the pin-fins. This is because
of the increase in the disturbance of flow as well as reduction in flow area. Moreover,
the pressure drops of the cold fluid in the AlSi10Mg and ABS double pipe counter
flow heat exchangers, with and without pin-fins, are same since there is no pin-fins in
the cold fluid flow passage.
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(a)

(b)

Figure 17: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (H = 10 mm, H = 20 mm) and without pin-fins;
counter flow configuration, L = 20 mm, Θ = 30o, # = 10, Cr = 1. (a) effectiveness of
AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (H = 10 mm ‒‒, H = 20 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS
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(c)

(d)

Figure 17: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (H = 10 mm, H = 20 mm) and without pin-fins;
counter flow configuration, L = 20 mm, Θ = 30o, # = 10, Cr = 1. (a) effectiveness of
AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (H = 10 mm ‒‒, H = 20 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS (Continued)

The influence of hot fluid Reynolds number and pin-fin height on the
effectiveness of AlSi10Mg and ABS double pipe counter flow heat exchanger
operating under an unbalanced flow condition (Cr = 0.5) is shown in Figure 18. It can
be noticed that the trends with regards to unbalanced flow condition is similar to that
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associated with the balanced flow as shown in Figure 17. The effectiveness, for a
specific hot fluid Reynolds number, of ABS double pipe counter flow heat exchangers,
with and without pin-fins, is lower than when AlSi10Mg is used as the construction
material. The effectiveness of the AlSi10Mg and ABS double pipe counter flow heat
exchangers, with and without pin-fins, is higher while operating under the unbalanced
flow condition compared with the performance of the same double pipe heat
exchangers operating under balanced flow condition. The effectiveness of the
AlSi10Mg double pipe counter flow heat exchangers with pin-fins is greater than the
AlSi10Mg double pipe counter flow heat exchanger without pin-fins as shown in
Figure 18 (a) At low and high hot fluid Reynolds numbers, the effectiveness, of the
AlSi10Mg double pipe counter flow heat exchangers, is almost independent of the
height of the pin-fins. On the other hand, the effectiveness of the AlSi10Mg double
pipe counter flow heat exchangers is dependent on the height of the pin-fins at
intermediate hot fluid Reynolds numbers. The effectiveness of ABS double pipe
counter flow heat exchanger, with pin-fins, at low hot fluid Reynolds number is
slightly smaller than that of ABS double pipe heat exchanger without pin-fins.
Additionally, it can be noticed from Figure 18 (c) that with increase in hot fluid
Reynolds number the effectiveness of ABS double pipe counter flow heat exchangers
with and without pin-fins become equal. The pressure drop of both fluids associated
with all double pipe counter flow heat exchangers increases with the increase in hot
fluid Reynolds number as can be seen from Figure 18 (b) and Figure 18 (d) the
relationship of hot fluid pressure drop with hot fluid Reynolds number is same for both
AlSi10Mg and ABS double pipe counter flow heat exchangers, for a specific height of
the pin-fins and this is due to the fact that the surface roughness is assumed to be nonexistent for all heat exchangers. Also, it can be noticed that the cold fluid pressure
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drop, for a specific hot fluid Reynolds number, for all double pipe counter flow heat
exchangers, with and without pin-fins, is the same. The reasons for these observed
trends in the effectiveness and pressure drops of the AlSi10Mg and ABS double pipe
counter flow heat exchangers are same as that detailed with respect to Figure 17.

(a)

(b)
Figure 18: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (H = 10 mm, H = 20 mm) and without pin-fins;
counter flow configuration, L = 20 mm, Θ = 30o, # = 10, Cr = 0.5. (a) effectiveness
of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (H = 10 mm ‒‒, H = 20 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS
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(c)

(d)
Figure 18: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (H = 10 mm, H = 20 mm) and without pin-fins;
counter flow configuration, L = 20 mm, Θ = 30o, # = 10, Cr = 0.5. (a) effectiveness
of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (H = 10 mm ‒‒, H = 20 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS (Continued)

The influence of the length of the pin-fins has been analyzed for both
AlSi10Mg and ABS double pipe counter flow heat exchanger while operating under
balanced flow condition; the relationship between effectiveness and hot fluid Reynolds
number for different lengths of the pin-fins is shown in Figure 19. It can be
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immediately noticed that the effectiveness of AlSi10Mg double pipe counter flow heat
exchangers with pin-fins is greater than that of AlSi10Mg double pipe counter flow
heat exchanger without pin-fins for high hot fluid Reynolds numbers. The reason for
this is the enhancement in the overall heat transfer coefficient which in turn is due to
the increase in the heat transfer coefficient associated with the hot fluid. Additionally,
it can be noticed that the effectiveness of AlSi10Mg double pipe counter flow heat
exchangers is nearly same that of the AlSi10Mg double pipe counter flow heat
exchangers without pin-fins for low hot fluid Reynolds numbers. It can also be noticed
that the effectiveness of AlSi10Mg double pipe counter flow heat exchangers, with
pin-fins, does not change with changes in the length of the pin fins. For a specific hot
fluid Reynolds number, from among the low hot fluid Reynolds numbers, the residence
time is high and same, irrespective of the length of the pin-fins, and the overall heat
transfer coefficient increases with increase in the length of the pin-fins of the
AlSi10Mg double pipe heat exchanger. The high residence time and increase in overall
heat transfer coefficient increases the potential for heat transfer between the fluids.
However, contribution of high residence time to heat transfer, between the fluids, is
greater than the contribution of overall heat transfer coefficient to the same irrespective
of the length of the pin-fins; thus, the effectiveness of the AlSi10Mg double pipe heat
exchanger at low Reynolds number is not affected by the increases in the length of the
pin-fins. On the other hand, increase in hot fluid Reynolds number leads to increase in
the overall heat transfer coefficient as well as reduction in residence time and this is
true for all lengths of the pin-fins of AlSi10Mg double pipe heat exchangers. The
increase in overall heat transfer coefficient and reduction in residence time leads to
increase and decrease in the potential for heat transfer between the fluids, respectively.
However, the flow disturbance experienced by the double pipe heat exchangers is
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nearly independent of the length of the pin-fins due to which the overall heat transfer
coefficient is independent of the same. Regarding the residence time, at a specific hot
fluid Reynolds number, it remains the same for all lengths of the pin-fins employed in
AlSi10Mg double pipe heat exchangers. These two factors lead to AlSi10Mg double
pipe heat exchangers with pin-fins exhibiting the same effectiveness irrespective of
the length of the pin-fins. From Figure 19 it is clearly noticeable that the effectiveness
of ABS double pipe counter flow heat exchangers with pin-fins is slightly smaller than
the effectiveness of ABS double pipe counter flow heat exchangers without pin-fins at
low hot fluid Reynolds numbers. The reason for this is the reduction in overall heat
transfer coefficient associated with the heat exchangers with increase in the length of
the pin-fins. The increase in thermal conduction resistance associated with the walls
of the heat exchanger leads to reduction in overall heat transfer coefficient; with
increase in length of the pin-fins, the average thickness of the wall increases thereby
leading to the increase in thermal conduction resistance of the wall. Though overall
heat transfer coefficient depends on the convective thermal resistance associated with
the fluids and the conduction thermal resistance, at low hot fluid Reynolds numbers
the conduction thermal resistance dominate the convective thermal resistance
associated with the fluids. At low hot fluid Reynolds numbers the high residence time,
of ABS double pipe heat exchanger with-pins, does not dominate its overall heat
transfer coefficient unlike in the case of AlSi10Mg double pipe heat exchangers with
pin-fins and thus, there is reduction effectiveness with the introduction of pin-fins and
this reduction increases with increase in length of pin-fins. On the other hand, at hot
fluid Reynolds numbers the effectiveness of ABS double pipe counter flow heat
exchangers with pin-fins is same as the effectiveness of ABS double pipe counter flow
heat exchangers without pin-fins. For double pipe heat exchangers with pin-fins,
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increase in hot fluid Reynolds number leads to increase in heat transfer coefficient
associated with the fluids and this leads to the compensation of the increase in
conduction thermal resistance which ultimately lead to the keeping the overall heat
transfer coefficient of ABS double pipe counter flow heat exchangers with pin-fins
same as that of ABS double pipe counter flow heat exchangers without pin-fins. This
equalization of overall heat transfer coefficient is keeps the effectiveness of ABS
double pipe heat exchangers with and without pin-fins same.
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(a)

(b)

Figure 19: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (L = 20 mm, L = 40 mm) and without pin-fins;
counter flow configuration, H = 10 mm, Θ = 30o, # = 10, Cr = 1. (a) effectiveness of
AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (L = 20 mm ‒‒, L = 40 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS
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(c)

(d)

Figure 19: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (L = 20 mm, L = 40 mm) and without pin-fins;
counter flow configuration, H = 10 mm, Θ = 30o, # = 10, Cr = 1. (a) effectiveness of
AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (L = 20 mm ‒‒, L = 40 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS (Continued)

Figure 20 shows the variation of effectiveness with hot fluid Reynolds number
for different lengths of both ABS and AlSi10Mg double pipe counter flow heat
exchangers, with and without pin-fins, while operating under an unbalanced flow
condition. On comparing the effectiveness versus hot fluid Reynolds number of double
pipe heat exchangers in Figure 19 and 20, it is clear that the trends are the same. The
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effectiveness of both ABS and AlSi10Mg double pipe counter flow heat exchangers
reduces with increase in hot fluid Reynolds number irrespective of the length of the
pin-fins. Additionally, the effectiveness of both ABS and AlSi10Mg double pipe
counter flow heat exchangers, with and without pin-fins, for a specific hot fluid
Reynolds number is higher for unbalanced flow condition than for balanced flow
condition. Also, the effectiveness of both ABS and AlSi10Mg double pipe counter
flow heat exchangers with pin-fins, for a specific hot fluid Reynolds number, remains
nearly independent of the length of the pin-fins. The pressure drop associated with hot
fluid of both ABS and AlSi10Mg double pipe counter flow heat exchangers, with fin
pins, are higher than that in corresponding double pipe counter flow heat exchanger
without pin-fins; also, the pressure drop associated with hot fluid for double pipe
counter flow heat exchangers with pin-fins increase with increase in the length of the
pin-fins. The pressure drop associated with cold fluid remains same for all double pipe
counter flow heat exchangers. The reasons for these observations are same as that
detailed with respect to Figure 19.
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(a)

(b)
Figure 20: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (L = 20 mm, L = 40 mm) and without pin-fins at
counter flow configuration (H = 10 mm, Θ = 30o, # = 10, Cr = 0.5). (a)
effectiveness of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒)
pin-fins, (b) pressure drop of fluids of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒
‒) and without (‒‒) pin-fins, (c) effectiveness of ABS with (L = 20 mm ‒‒, L = 40
mm ‒‒) and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS with (L =
20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒) pin-fins
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(c)

(d)

Figure 20: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (L = 20 mm, L = 40 mm) and without pin-fins at
counter flow configuration (H = 10 mm, Θ = 30o, # = 10, Cr = 0.5). (a)
effectiveness of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒)
pin-fins, (b) pressure drop of fluids of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒
‒) and without (‒‒) pin-fins, (c) effectiveness of ABS with (L = 20 mm ‒‒, L = 40
mm ‒‒) and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS with (L =
20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒) pin-fins (Continued)
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The effectiveness of the double pipe heat exchangers with respect to hot fluid
Reynolds number for different subtended angles of the pin-fins of double pipe counter
flow heat exchangers are represented in Figure 21; the effectiveness of both ABS and
AlSi10Mg double pipe counter flow heat exchangers while operating under balanced
condition are shown in Figure 21. It can be noticed that the orientation does not have
any influence on the effectiveness of AlSi10Mg double pipe counter flow heat
exchangers. At low hot fluid Reynolds numbers, irrespective of the orientation of the
pin-fins, the contribution of low residence time to heat transfer is significantly greater
than the contribution of overall heat transfer coefficient and thus, the effectiveness of
all AlSi10Mg double pipe heat exchangers remain same. With increase in hot fluid
Reynolds number, the residence time of the fluids decrease for all AlSi10Mg double
pipe counter flow heat exchangers, with pin-fins, and simultaneously there is increase
in the overall heat transfer coefficient of the same. The reduction in residence time
negatively but equally affects the heat transfer between the fluids of all AlSi10Mg
double pipe counter flow heat exchangers. On the other hand, the increase in hot fluid
Reynolds number increases the overall heat transfer coefficient, of all AlSi10Mg
double pipe heat exchangers, due to the associated disturbance of flow. Moreover, the
disturbance of flow remains almost same irrespective of the subtended angle of the
pin-fins and thus, the overall heat transfer coefficient of all AlSi10Mg double pipe heat
exchangers, with pin-fins, remain the same. The overall heat transfer coefficient and
residence time of all AlSi10Mg double pipe heat exchangers, with pin-fins, are the
same due to which the effectiveness is independent of the subtended angle at high hot
fluid Reynolds number. Moreover, it can be noticed from Figure 21 that the
effectiveness of AlSi10Mg double pipe counter flow heat exchangers with pin-fin,
especially at high hot fluid Reynolds numbers, is greater than effectiveness of the same
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without pin-fins. The reason for this enhancement in the effectiveness is due to the
increase in overall heat transfer coefficient in AlSi10Mg double pipe counter flow heat
exchangers which in turn is brought about by the presence of pin-fins. The
effectiveness of ABS double pipe counter flow heat exchangers with pin-fins is nearly
equal to that of ABS double pipe counter flow heat exchangers without pin-fins. At
low hot fluid Reynolds numbers, the effectiveness of ABS double pipe counter flow
heat exchanger with pin-fins is slightly smaller than that of ABS double pipe counter
flow heat exchanger without pin-fins. The reason for this is the reduction in overall
heat transfer coefficient due to the increase in conduction thermal resistance which in
turn is due to the presence of pin-fins. It is stressed here that even though the residence
time is low, for ABS double pipe counter flow heat exchangers, at low hot fluid
Reynolds numbers, the contribution of overall heat transfer coefficient to heat transfer
dominates the contribution of residence time to heat transfer; this is unlike in the case
for AlSi10Mg double pipe counter flow heat exchangers. At high hot fluid Reynolds
numbers, the effectiveness of ABS double pipe counter flow heat exchangers with pinfins is equal to the effectiveness of ABS double pipe counter flow heat exchangers
without pin-fins. With increase in hot fluid Reynolds numbers, the heat transfer
coefficient associated with the fluids increase, due to increase in flow disturbances,
thereby leading to an increase in the overall heat transfer coefficient. This increase in
overall heat transfer coefficient leads to increase in the effectiveness of ABS double
pipe counter flow heat exchangers with pin-fins to match that of ABS double pipe
counter flow heat exchangers without pin-fins. Moreover, the disturbance experienced
by the flow is almost equal for all subtended angles at a specific hot fluid Reynolds
number and subsequently the overall heat transfer coefficient and effectiveness are the
same irrespective of the subtended angle. The pressure drop associated with the hot
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fluid is higher for ABS and AlSi10Mg double pipe counter flow heat exchangers with
pin-fins compared with ABS and AlSi10Mg double pipe counter flow heat exchangers
without pin-fins. The reason for this is the disturbance of flow experienced by hot fluid
in ABS and AlSi10Mg double pipe counter flow heat exchangers due to the presence
of pin-fins. Moreover, it can be noticed that the pressure drop associated with hot fluid
is independent of the subtended angle. This is because changes in subtended angle
changes the number of pin-fins, along the circumference, without affecting the
influence of pin-fins on cross-sectional area. The pressure associated with cold fluid
remains the same for all ABS and AlSi10Mg double pipe counter flow heat exchangers
since there are no pin-fin in the flow passage of the cold fluid.
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(a)

(b)

Figure 21: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (Θ = 10o, Θ = 30o) and without pin-fins; counter
flow configuration, L = 20 mm, H = 10 mm, # = 10, Cr = 1. (a) Effectiveness of
AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (b) pressure drop
of fluids of AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (c)
effectiveness of ABS with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, and
(d) pressure drop of fluids of ABS
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(c)

(d)
Figure 21: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (Θ = 10o, Θ = 30o) and without pin-fins; counter
flow configuration, L = 20 mm, H = 10 mm, # = 10, Cr = 1. (a) Effectiveness of
AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (b) pressure drop
of fluids of AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (c)
effectiveness of ABS with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, and
(d) pressure drop of fluids of ABS (Continued)

Figure 22 shows the variation of effectiveness with hot fluid Reynolds number
of all ABS and AlSi10Mg double pipe heat exchange while operating under an
unbalanced condition. The behavior of effectiveness with hot fluid Reynolds number
shown in Figure 22 is similar to that presented in Figure 21. It can be noticed from
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Figure 22 that the effectiveness of all AlSi10Mg double pipe counter flow heat
exchangers, with pin-fins, have better thermal performance that corresponding
AlSi10Mg double pipe counter flow heat exchangers without pin-fins. On the other
hand, the effectiveness of ABS double pipe counter flow heat exchangers with pin-fins
is nearly same as the effectiveness of double pipe counter flow heat exchanger without
pin-fins. Moreover, it can also be noticed that the effectiveness is same irrespective of
the subtended angle at a specific hot fluid Reynolds number over the entire range of
hot fluid Reynolds number considered in the study. Upon comparison of Figure 21 and
Figure 22, it is clear that the thermal performance of all ABS and AlSi10Mg double
pipe heat exchangers operating under the unbalanced flow condition is greater than
when the same operates under balanced flow condition. The pressure drop associated
with the hot fluid in both ABS and AlSi10Mg double pipe counter flow heat
exchangers with and without pin-fins while operating under an unbalanced flow
condition is same as that while operating under balanced flow condition. The reasons
for the trends that are observed in Figure 22 are same that detailed with regard to
observations in Figure 21. The pressure drop associated with the cold fluid is smaller
for ABS and AlSi10Mg double pipe counter flow heat exchangers with and without
pin-fins for a specific hot fluid Reynolds number. The reason for this is that the cold
fluid flow rate used for the unbalanced flow condition is half of the cold fluid flow rate
used for the balanced flow condition.
The low hot fluid Reynolds number referred to here can be classified based on
the heat capacity and thermal conductance of the heat exchanger. The residence time
mentioned extensively in the text is proportional to the heat capacity of the fluid. Thus,
the low hot fluid Reynolds number ends when the heat capacity of the fluid becomes
equal to the thermal conductance, i.e. product of overall heat transfer coefficient and
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heat transfer surface area, of the double pipe heat exchanger. When this happens, the
contribution of heat capacity on the heat transfer between the fluids becomes equal to
the contribution of thermal conductance on the same.

(a)

(b)

Figure 22: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (Θ = 10o, Θ = 30o) and without pin-fins; counter
flow configuration, L = 20 mm, H = 10 mm, # = 10, Cr = 0.5. (a) Effectiveness of
AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (b) pressure drop
of fluids of AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (c)
effectiveness of ABS with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, and
(d) pressure drop of fluids of ABS
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(c)

(d)
Figure 22: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (Θ = 10o, Θ = 30o) and without pin-fins; counter
flow configuration, L = 20 mm, H = 10 mm, # = 10, Cr = 0.5. (a) Effectiveness of
AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (b) pressure drop
of fluids of AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (c)
effectiveness of ABS with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, and
(d) pressure drop of fluids of ABS (Continued)
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3.2 Parallel flow heat exchanger
Figure 23 compares the variation of effectiveness with hot fluid Reynolds number for
ABS and AlSi10Mg double pipe parallel flow heat exchangers, with and without pinfins, while operating under balanced flow conditions. Additionally, the variation of
pressure drop with hot fluid Reynolds number for both ABS and AlSi10Mg double
pipe heat exchangers, with and without pin-fins. It can be noticed that the presence of
pin-fins leads to enhancement of effectiveness of AlSi10Mg double pipe parallel flow
heat exchanger for a specific hot fluid Reynolds number, especially at high hot fluid
Reynolds number. At low hot fluid Reynolds number, only negligible enhancement of
effectiveness between that of AlSi10Mg double pipe heat exchangers with and without
pin-fins is observed. At low hot fluid Reynolds number, the disruption of boundary
layer expected by incorporating pin-fins is not significant to enhance heat transfer
coefficient associated with the hot fluid and subsequently the overall heat transfer
coefficient of the double pipe heat exchangers with pin-fins remains almost same as
that of double pipe heat exchanger without pin-fins. The other parameter affecting the
heat transfer between the fluids, i.e. residence time, also remains almost constant for
all double pipe heat exchangers irrespective of the presence of pin-fins. Thus, the
effectiveness remains the same for all AlSi10Mg double pipe parallel flow heat
exchangers, at low hot fluid Reynolds number; overall heat transfer coefficient and
residence time remains almost constant for all AlSi10Mg double pipe parallel flow
heat exchangers irrespective whether there are pin-fins or not. With increase in hot
fluid Reynolds number, the disruption of the boundary layer gets more adverse due to
which the associated heat transfer coefficient increases and subsequently the overall
heat transfer coefficient of the AlSi10Mg double pipe parallel flow heat exchanger,
with pin-fins, increases.
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(a)

(b)

Figure 23: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with and without pin-fins; parallel flow configuration, L
= 20 mm, H = 10 mm, Θ = 30o, # = 10, Cr = 1. (a) Effectiveness of AlSi10Mg with
(‒‒) and without (‒‒) pin-fins, (b) pressure drop of AlSi10Mg with (‒‒) and without
(‒‒) pin-fins, (c) effectiveness of ABS with (‒‒) and without (‒‒) pin-fins, and (d)
pressure drop of fluids of ABS
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(c)

(d)

Figure 23: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with and without pin-fins; parallel flow configuration, L
= 20 mm, H = 10 mm, Θ = 30o, # = 10, Cr = 1. (a) Effectiveness of AlSi10Mg with
(‒‒) and without (‒‒) pin-fins, (b) pressure drop of AlSi10Mg with (‒‒) and without
(‒‒) pin-fins, (c) effectiveness of ABS with (‒‒) and without (‒‒) pin-fins, and (d)
pressure drop of fluids of ABS (Continued)
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Figure 24 provides the relationship between thermal conductance and hot fluid
Reynolds number for double pipe parallel flow heat exchangers. Regarding the
residence time, it is almost independent of the presence of pin-fins. Thus, this increase
in the overall heat transfer coefficient and the almost constant residence time leads to
increase in effectiveness of AlSi10Mg double pipe parallel flow heat exchanger with
the incorporation of pin-fins.

(a)

(b)
Figure 24: Thermal conductance of double pipe parallel flow heat exchanger for
AlSi10Mg and ABS with and without pin fins (L = 20 mm, H = 10 mm, Θ = 30o, # =
10, Cr = 1). (a) AlSi10Mg with (‒‒) and without (‒‒) pin-fins and (b) ABS with (‒‒)
and without (‒‒) pin-fins

77
Figure 25 provides velocity contour and vector plots indicating the degree of
disruption of boundary layer for hot fluid Reynolds number of 50 and 1750.

(a)

(b)
Figure 25: Velocity contour and velocity vector plots for ABS double pipe parallel
flow heat exchanger for Reh = 50 and 1750 (L = 20 mm, H = 10 mm, Θ = 30o, # =
10, Cr = 1). (a) Reh = 50 (contour), (b) Reh = 50 (vector), (c) Reh = 1750 (contour),
(d) and Reh = 1750 (vector)
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(c)

(d)
Figure 25: Velocity contour and velocity vector plots for ABS double pipe parallel
flow heat exchanger for Reh = 50 and 1750 (L = 20 mm, H = 10 mm, Θ = 30o, # =
10, Cr = 1). (a) Reh = 50 (contour), (b) Reh = 50 (vector), (c) Reh = 1750 (contour),
(d) and Reh = 1750 (vector) (Continued)

Figure 26 also plots the variation of effectiveness with hot fluid Reynolds
number for ABS double pipe parallel flow heat exchanger with and without pin-fins.
It can be noticed that the presence slightly degrades the effectiveness of the ABS
double pipe parallel flow heat exchanger at low hot fluid Reynolds numbers. However,
the effectiveness at high hot fluid Reynolds numbers for ABS double pipe heat
exchanger with and without pin-fins are the same. At low hot fluid Reynolds numbers,
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the heat transfer coefficient associated with the hot fluid in ABS double pipe parallel
flow heat exchangers with pin-fins and without pin-fins are almost same since the
disruption of boundary layer due to the presence of pin-fins is not significant.
Moreover, for all hot fluid Reynolds numbers, the conduction thermal resistance of the
wall separating the fluid is greater for the ABS double pipe parallel flow heat
exchanger with pin-fins than the ABS double pipe parallel flow heat exchanger without
pin-fins. As heat transfer coefficients of the hot and cold fluids and conduction thermal
resistance determine the overall heat transfer coefficient associated with a heat
exchanger, the overall heat transfer coefficient of ABS double pipe parallel heat
exchanger with pin-fins is smaller than that of ABS double pipe parallel heat
exchanger without pin-fins. Regarding residence time, it remains almost constant for
ABS double pipe parallel flow heat exchangers irrespective of the presence of pin-fins.
Thus, the degradation of overall heat transfer coefficient while having almost residence
time leads to slight degradation in the effectiveness of double pipe ABS parallel flow
heat exchanger in the presence of pin-fins. The pressure drop associated with the hot
and cold fluids for ABS and AlSi10Mg double pipe parallel flow heat exchangers with
and without pin-fins are provided in Figure 26 (b) and (d), respectively. It can be
noticed that the pressure drop, for a specific hot fluid Reynolds numbers, associated
with the hot fluid of ABS and AlSi10Mg double pipe parallel flow heat exchanger is
higher in the presence of pin-fins. The presence of pin-fins obstructs the flow as well
as reduces the flow area thereby, leading to increase in pressure drop of hot fluid.
Regarding the pressure drop associated with the cold fluid, it remains the same for
double pipe parallel flow heat exchanger with and without pin-fins since in both cases
there is no pin-fins in the inner pipe through which the cold fluid is passing. Also, it
can be noticed that the pressure drop associated with the fluids is independent of the
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material of the heat exchanger; this is because the surfaces are assumed to be smooth
in the simulation. Figure 26 shows the relationship between effectiveness and hot fluid
Reynolds number for ABS and AlSi10Mg double pipe parallel flow heat exchanger,
with and without pin-fins, while operating under an unbalanced flow condition; Figure
26 (a) and (c) provides the relationship between effectiveness versus hot fluid
Reynolds number for AlSi10Mg and ABS double pipe parallel flow heat exhangers,
respectively. It can be observed from Figure 26 (a) that the effectiveness of AlSi10Mg
double pipe parallel flow heat exchager with pin-fins is similar to that of AlSi10Mg
double pipe parallel flow heat exchanegr without pin-fins at low hot fluid Reynolds
numbers. On the other hand, with increase in hot fluid Reynolds numbers the
effectieveness of AlSi10Mg double pipe parallel flow heat exchangers with pin-fins
increases above that of double pipe parallel flow heat exchangers without pin-fins.
Regarding the effectievenes of ABS double pipe parallel flow heat exchangers with
pin-fins, it is slightly smaller than that of double pipe parallel flow heat exchangers
without pin-fins at low hot fluid Reynolds numbers. Moreover, with increase in hot
fluid Reynolds numbers, the effectiveness of ABS double pipe parallel flow heat
exhanger with pin-fins remains almost the same as that of ABS double pipe parallel
flow heat exchanger without pin-fins. The pressure drop associated with hot and cold
fluids of double pipe parallel flow heat exchangers are provided in Fig 26 (b) and 26
(d).It can be noticed from these figures that the pressure drop associated with the hot
and cold fluids, of double pipe parallel flow heat exchangers, increase with increse in
hot fluid Reynolds number. The pressure drop of the hot fluid in double pipe parallel
flow heat exchnager is same for both AlSi10Mg and ABS double pipe parallel flow
heat exchangers and the situation is similar with cold fluid pressure drop. The reasons
for these observations are same as that provided in connection with Figure 23. It can
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be noticed uponcomparison of Figure 23 and 26 that effectiveness of ABS and
AlSi10Mg double pipe parallel flow heat exchangers are better under unbalanced flow
condition.

(a)

(b)

Figure 26: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with and without pin-fins; parallel flow configuration, L
= 20 mm, H = 10 mm, Θ = 30o, # = 10, Cr = 0.5. (a) Effectiveness of AlSi10Mg with
(‒‒) and without (‒‒) pin-fins, (b) pressure drop of fluids of AlSi10Mg with (‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (‒‒) and without (‒‒) pin-fins,
and (d) pressure drop of fluids of ABS
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(c)

(d)
Figure 26: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with and without pin-fins; parallel flow configuration, L
= 20 mm, H = 10 mm, Θ = 30o, # = 10, Cr = 0.5. (a) Effectiveness of AlSi10Mg with
(‒‒) and without (‒‒) pin-fins, (b) pressure drop of fluids of AlSi10Mg with (‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (‒‒) and without (‒‒) pin-fins,
and (d) pressure drop of fluids of ABS (Continued)
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Figure 27 provides the relationship between thermal conductance and hot fluid
Reynolds number for double pipe parallel flow heat exchangers operating under
unbalanced flow condition.

(a)

(b)
Figure 27: Thermal conductance of double pipe parallel flow heat exchanger for
AlSi10Mg and ABS with and without pin fins (L = 20 mm, H = 10 mm, Θ = 30o, # =
10, Cr = 0.5) (a) AlSi10Mg with (‒‒) and without (‒‒) pin-fins and (b) ABS with (‒‒
) and without (‒‒) pin-fins

Figure 28 provides the temperature profile of double pipe parallel flow heat exchanger
under balanced and unbalanced flow conditions.
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(a)

(b)

Figure 28: Temperature contour plots for ABS double pipe parallel flow heat
exchanger for Reh = 50 and 1750 for (Cr = 1 and 0.5) (L = 20 mm, H = 10 mm, Θ =
30o, # = 10) (a) Reh = 50 (Cr = 1), (b) Reh = 1750 (Cr = 1), (c) Reh = 50 (Cr = 0.5), and
(d) Reh = 1750 (Cr = 0.5). (Wall contour is not included for differentiating between
fluids)
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(c)

(d)

Figure 28: Temperature contour plots for ABS double pipe parallel flow heat
exchanger for Reh = 50 and 1750 for (Cr = 1 and 0.5) (L = 20 mm, H = 10 mm, Θ =
30o, # = 10) (a) Reh = 50 (Cr = 1), (b) Reh = 1750 (Cr = 1), (c) Reh = 50 (Cr = 0.5), and
(d) Reh = 1750 (Cr = 0.5). (Wall contour is not included for differentiating between
fluids) (Continued)
(Continued)
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Figure 29 shows the variation of effectiveness with hot fluid Reynolds number
and pin-fin heights for both ABS and AlSi10Mg double pipe parallel flow heat
exchangers while operating under balanced flow condition. Figure 29 (a) and (c) shows
the relationship between effectiveness and hot fluid Reynolds number of AlSi10Mg
and ABS double pipe parallel flow heat exchangers, respectively. It can be noticed that
the effectiveness of AlSi10Mg double pipe parallel flow heat exchangers with pin-fins
is same as that of AlSi10Mg double pipe parallel flow heat exchanger without pin-fins
at low and high hot fluid Reynolds numbers. On the other hand, at intermediate hot
fluid Reynolds numbers the effectiveness of AlSi10Mg double pipe heat exchangers
with pin-fins is dependent on the height of the pin-fins. At a specific hot fluid Reynolds
number, in the low fluid Reynolds number range, increase in height of pin-fins
increases the overall heat transfer coefficient even though the residence time remains
almost same. Residence time is low at low hot fluid Reynolds numbers due to which
the contribution of the same towards heat transfer is greater than the influence of
overall heat transfer coefficient to the heat transfer. Thus, the effectiveness of the
double pipe parallel flow heat exchangers is same irrespective of the height of the pinfins. With increase in hot fluid Reynolds number, the overall heat transfer coefficient
increases along with reduction in the residence time. At high hot fluid Reynolds
numbers, the overall heat transfer coefficient of all AlSi10Mg double pipe parallel
flow heat exchanger with pin-fins is almost same; this is because flow disturbance
which influences the overall heat transfer coefficient is almost same irrespective of the
height of the pin-fins. The combined effect of almost same overall heat transfer
coefficient and residence time lead to double pipe parallel flow heat exchangers with
pin-fins having same effectiveness. At intermediate hot fluid Reynolds numbers, the
effectiveness of the double pipe parallel flow heat exchanger depends on the height of
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the pin-fins. At intermediate hot fluid Reynolds numbers, the flow disturbance is
dependent on the height of the pin-fins and subsequently the overall heat transfer
coefficient is dependent on the height of the pin-fins as shown in Figure 29 (a).
Moreover, at intermediate and high hot fluid Reynolds numbers the overall heat
transfer coefficient of the double pipe parallel flow heat exchangers with pin-fins is
greater than that of double pipe parallel flow heat exchanger without pin-fins and thus
the effectiveness of former is greater than that of the latter. Regarding the dependence
of the effectiveness of ABS double pipe parallel flow heat exchangers on hot fluid
Reynolds number and height of pin-fins, it is very much different from the dependence
of the effectiveness of AlSi10Mg double pipe parallel flow heat exchangers on hot
fluid Reynolds number and height of pin-fins. The effectiveness of ABS double pipe
parallel flow heat exchangers with pin-fins is practically independent of the height of
the pin-fins over the hot fluid Reynolds number range considered in this study. The
effectiveness of ABS double pipe parallel flow heat exchangers, with pin-fins, at low
hot fluid Reynolds number is slightly smaller than the effectiveness of ABS double
pipe parallel flow heat exchanger without pin-fins. The overall heat transfer coefficient
of ABS double pipe parallel flow heat exchangers, with pin-fins, is smaller than the
overall heat transfer coefficient of ABS double pipe parallel flow heat exchanger
without pin-fins. Moreover, the overall heat transfer coefficient and residence time, at
a specific hot fluid Reynolds number is almost the same for all ABS double pipe
parallel flow heat exchangers with pin-fins. The overall heat transfer coefficient
dominates the heat transfer between the fluids even though the residence time is low.
Thus, the effectiveness of ABS double pipe parallel flow heat exchanger with pin-fins
slightly lower than the effectiveness of ABS double pipe parallel flow heat exchanger
without pin-fins for the low hot fluid Reynolds numbers. The effectiveness of ABS
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double pipe parallel flow heat exchanger, with pin-fins, at high hot fluid Reynolds
numbers is almost same as that of ABS double pipe parallel flow heat exchanger
without pin-fins. At high hot fluid Reynolds numbers, there is increase in the overall
heat transfer coefficient and this leads to the effectiveness of double pipe parallel flow
heat exchangers with pin-fins becoming equal to the effectiveness of the double pipe
parallel flow heat exchanger without pin-fins. Also, from Figure 29 (b) and (d) it can
be noticed that the pressure drop of the fluids is independent of the material of
construction of the double pipe parallel flow heat exchanger. This is because the
surfaces are assumed to be smooth irrespective of the construction material. It can also
be noticed from Figure 29 that the pressure drop associated with the hot fluid increases
with increase in hot fluid Reynolds number. With increase in hot fluid Reynolds
number the flow disturbance increases and this is the reason for the observed increase
in pressure drop of the fluids. Also, at a specific hot fluid Reynolds number the
pressure drop associated with the hot fluid increases with increase in the height of the
pin-fins and this is because of the increase in flow disturbance due to the increase in
height of pin-fins. The pressure drop associated with the cold fluid, of all ABS double
pipe parallel flow heat exchangers, increases with increase in hot fluid Reynolds
number because of the increase in entrance length.
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(a)

(b)

Figure 29: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (H = 10 mm, H = 20 mm) and without pin-fins;
parallel flow configuration, L = 20 mm, Θ = 30o, # = 10, Cr = 1. (a) effectiveness of
AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (H = 10 mm ‒‒, H = 20 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS
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(c)

(d)
Figure 29: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (H = 10 mm, H = 20 mm) and without pin-fins;
parallel flow configuration, L = 20 mm, Θ = 30o, # = 10, Cr = 1. (a) effectiveness of
AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (H = 10 mm ‒‒, H = 20 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS (Continued)
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The effectiveness versus hot fluid Reynolds number for double pipe parallel
flow heat exchangers for different pin-fin heights while operating under an unbalanced
flow condition is shown in Figure 30. Figure 30 (a) and (c) represent the relationship
between effectiveness and hot fluid Reynolds number for AlSi10Mg and ABS double
pipe parallel flow heat exchangers, respectively. The effectiveness of AlSi10Mg
double pipe parallel flow heat exchangers is greater than the effectiveness of ABS
double pipe parallel flow heat exchangers for the entire range of hot fluid Reynolds
number. The effectiveness of AlSi10Mg double pipe parallel flow heat exchangers,
with pin-fins, is similar to that of AlSi10Mg double pipe parallel flow heat exchangers
without pin-fins at low and high hot fluid Reynolds numbers. On the other hand, the
effectiveness of AlSi10Mg double pipe parallel flow heat exchanger with pin-fins is
greater than the effectiveness of AlSi10Mg double pipe parallel flow heat exchanger
without pin-fins at intermediate hot fluid Reynolds numbers. The effectiveness of ABS
double pipe parallel flow heat exchangers with pin-fins, is slightly smaller than the
effectiveness of double pipe parallel flow heat exchanger without pin-fins at low hot
fluid Reynolds numbers. At high hot fluid Reynolds numbers, the effectiveness of ABS
double pipe parallel flow heat exchangers with pin-fins is almost same as the
effectiveness of double pipe parallel flow heat exchanger without pin-fins. The
pressure drop associated with hot fluid for all ABS and AlSi10Mg double pipe parallel
flow heat exchanger, with pin-fins, increases with increase in the height of the pin-fins
for a specific hot fluid Reynolds number. The reasons for these observations are same
as that mentioned with respect to Figure 29. The effectiveness, at a specific hot fluid
Reynolds number, of the all double pipe parallel flow heat exchangers with pin-fins
while operating under unbalanced flow condition, is greater than when the same heat
exchangers are operated under balanced flow condition. The pressure drop associated
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with cold fluid is lower when the double pipe parallel flow heat exchangers are
operated under unbalanced condition than when operating the same under balanced
flow condition. The reason for this is that the mass flow rate of cold fluid in the case
of unbalanced flow condition is smaller than the mass flow rate in the case of balanced
flow condition. On comparing the pressure drop of the hot fluid in Figure 29 and 30,
it can be noticed they are same for the same double pipe parallel flow heat exchanger.
This is due to the fact that the mass flow rate of the hot fluid remains the same for
balanced and unbalanced flow conditions.
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(a)

(b)

Figure 30: Influence of hot fluid Reynolds number on effectiveness and pressure drop
of AlSi10Mg and ABS with (H = 10 mm, H = 20 mm) and without pin-fins; parallel
flow configuration, L = 20 mm, Θ = 30o, # = 10, Cr = 0.5. (a) effectiveness of
AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒) pin-fins, (b) pressure
drop of fluids of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒)
pin-fins, (c) effectiveness of ABS with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without
(‒‒) pin-fins, and (d) pressure drop of fluids of ABS
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(c)

(d)
Figure 30: Influence of hot fluid Reynolds number on effectiveness and pressure drop
of AlSi10Mg and ABS with (H = 10 mm, H = 20 mm) and without pin-fins; parallel
flow configuration, L = 20 mm, Θ = 30o, # = 10, Cr = 0.5. (a) effectiveness of
AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒) pin-fins, (b) pressure
drop of fluids of AlSi10Mg with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without (‒‒)
pin-fins, (c) effectiveness of ABS with (H = 10 mm ‒‒, H = 20 mm ‒‒) and without
(‒‒) pin-fins, and (d) pressure drop of fluids of ABS (Continued)

The influence of hot fluid Reynolds number and length of pin-fins on the
effectiveness and pressure drops of ABS and AlSi10Mg double pipe parallel flow heat
exchanger is shown in Figure 31. Figure 31 (a) and (b) corresponds to AlSi10Mg
double pipe parallel flow heat exchangers while Figure 31 (c) and (d) corresponds to

95
ABS double pipe parallel flow heat exchangers. It can be noticed from Figure 31 (a)
and (c) that the effectiveness of the double pipe parallel flow heat exchangers
decreases with increase in hot fluid Reynolds numbers. With increase in hot fluid
Reynolds number there is reduction in the residence time even though there is increase
in the overall heat transfer coefficient. However, the negative effect of the reduction
in residence time on heat transfer between the fluids dominate the positive effect of
the increase in overall heat transfer coefficient on heat transfer between the fluids and
thus, the effectiveness reduces with increase in hot fluid Reynolds number. Moreover,
it can be noticed from Figure 31(a) and (c) that the effectiveness of ABS double pipe
parallel flow heat exchangers is smaller than the effectiveness of the corresponding
AlSi10Mg double pipe parallel flow heat exchangers at a specific hot fluid Reynolds
number. This is because of the fact that the thermal conductivity of ABS is three orders
of magnitude smaller than that of AlSi10Mg which in turn leads to the overall heat
transfer coefficient of ABS double pipe parallel flow heat exchangers being smaller
than that of similar AlSi10Mg double pipe parallel flow heat exchangers. It can be
noticed from Figure 31 (a) that the effectiveness of AlSi10Mg double pipe parallel
flow heat exchangers, with pin-fins, is same as that of AlSi10Mg double pipe parallel
flow heat exchangers without pin-fins at low hot fluid Reynolds numbers. At a specific
hot fluid Reynolds number, from among the low hot fluid Reynolds numbers, the
residence time is high irrespective of the length of the pin-fins and as well there
increase in overall heat transfer coefficient with increase in length of the pin-fins; it is
stressed here that the increase in overall heat transfer coefficient with increase in length
of pin-fins is minimal at low hot fluid Reynolds number. At low hot fluid Reynolds
number, the heat transfer between the fluids is dominated by the residence time rather
than the overall heat transfer coefficient and since both remain independent of the
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length of the pin-fins, the effectiveness of all AlSi10Mg double pipe parallel flow heat
exchangers with and without pin-fins remain the same for low hot fluid Reynolds
numbers. With increase in hot fluid Reynolds numbers, the overall heat transfer
coefficient increases while the residence time decreases; however, the increase in
overall heat transfer coefficient with hot fluid Reynolds number is almost independent
of the length of the pin-fins. Thus, at high hot fluid Reynolds numbers, the heat transfer
between the fluids is dominated by overall heat transfer coefficient rather than
residence time. As the overall heat transfer coefficient is almost independent of the
length of the pin-fins at high hot fluid Reynolds numbers, the effectiveness of
AlSi10Mg double pipe parallel flow heat exchangers with pin-fins is independent of
the length of the pin-fins at high hot fluid Reynolds numbers. At high hot fluid
Reynolds numbers, the overall heat transfer coefficient of AlSi10Mg double pipe
parallel flow heat exchangers with pin-fins is higher than that of AlSi10Mg double
pipe parallel flow heat exchangers without pin-fins and thus the effectiveness of the
former is higher than the latter. Figure 31 (c) provides the variation of effectiveness of
ABS double pipe parallel flow heat exchangers with hot fluid Reynolds number and
length of pin-fins. It can be noticed that at low hot fluid Reynolds numbers the
effectiveness of ABS double pipe parallel flow heat exchanger with pin-fins is slightly
smaller than the effectiveness of ABS double pipe parallel flow heat exchanger without
pin-fins. The overall heat transfer coefficient of double pipe parallel flow heat
exchanger with pin-fins is lower than that of double pipe heat exchanger without pinfins and this is the reason for the effectiveness of the former being lower than the latter.
The reduction in overall heat transfer coefficient is due to the increase in thermal
conduction resistance which is due to the low thermal conductivity of ABS and the
increase in the average thickness of the wall separating the fluids in the presence of
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pin-fins. It can also be noticed that with increase in hot fluid Reynolds number the
effectiveness of ABS double pipe parallel flow heat exchangers with pin-fins is almost
same as the effectiveness of ABS double pipe parallel flow heat exchangers without
pin-fins. With increase in hot fluid Reynolds number, the overall heat transfer
coefficient increases which leads to the effectiveness of the double pipe parallel flow
heat exchangers with pin-fins becoming similar to the effectiveness of double pipe
parallel flow heat exchangers without pin-fins. This increase in overall heat transfer
coefficient, of double pipe parallel flow heat exchangers with pin-fins, with increase
in hot fluid Reynolds number is due to the increase in heat transfer coefficients which
compensate the increase in thermal conduction. Figure 31 (b) and 31 (d) represents the
variation of pressure drop with hot fluid Reynolds number and length of the pin-fins.
The pressure drop associated with the fluids of all ABS and AlSi10Mg double pipe
parallel flow heat exchangers increases with increase in hot fluid Reynolds number.
For the hot fluid in the double pipe parallel flow heat exchangers with pin-fins, its
pressure drop increases with increase in the length of the pin-fins and this is because
of the increase in flow disruption as well as reduction in the flow area. The pressure
drop of the cold fluid is independent of the presence of pin-fins as there are no pin-fins
in the flow passage of the cold fluid. Moreover, it can be noticed that the pressure drop
of the fluids is not dependent on the material of the double pipe parallel flow heat
exchanger and this is because all surfaces are assumed to be smooth.
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(a)

(b)

Figure 31: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (L = 20 mm, L = 40 mm) and without pin-fins;
parallel flow configuration, H = 10 mm, Θ = 30o, # = 10, Cr = 1. (a) effectiveness of
AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (L = 20 mm ‒‒, L = 40 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS
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(c)

(d)

Figure 31: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (L = 20 mm, L = 40 mm) and without pin-fins;
parallel flow configuration, H = 10 mm, Θ = 30o, # = 10, Cr = 1. (a) effectiveness of
AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (L = 20 mm ‒‒, L = 40 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS (Continued)

Figure 32 shows the relationship between effectiveness and hot fluid Reynolds
number for different lengths of pin-fins of ABS and AlSi10Mg double pipe parallel
flow heat exchanger while operating under unbalanced flow condition. The
effectiveness of AlSi10Mg double pipe parallel flow heat exchangers, with and
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without pin-fins, is greater than ABS double pipe parallel flow heat exchangers, with
and without pin-fins. The effectiveness of AlSi10Mg double pipe parallel flow heat
exchangers with pin-fins at low hot fluid Reynolds numbers is similar to that of
AlSi10Mg double pipe parallel flow heat exchanger without pin-fins. On the other
hand, the effectiveness of AlSi10Mg double pipe parallel flow heat exchangers with
in-fins, at high hot fluid Reynolds number, is greater than that AlSi10Mg double pipe
parallel flow heat exchanger without pin-fins. For ABS double pipe parallel flow heat
exchanger with pin-fins, the effectiveness at all hot fluid Reynolds numbers is almost
same as that of ABS double pipe parallel flow heat exchanger without pin-fins; at low
hot fluid Reynolds number there is small difference in the effectiveness of double pipe
parallel flow heat exchanger with and without pin-fins. The pressure drop associated
with the fluids of AlSi10Mg double pipe parallel flow heat exchangers are same as
that of corresponding ABS double pipe parallel flow heat exchangers. The reasons for
these observed trends is same as that observed for the case of balanced flow condition.
The pressure drop of cold fluid in the case of balanced flow condition of double pipe
parallel flow heat exchanger is greater than for the case of unbalanced flow condition.
This is due to the fact that the cold fluid’s mass flow rate under balanced flow condition
is greater than that under unbalanced flow condition. The pressure drop associated with
the hot fluid of all double pipe parallel flow heat exchangers is the same for both
balanced and unbalanced flow condition. The reason for this is due to the face that the
mass flow rate of hot fluid is kept same for both balanced and unbalanced flow
conditions. The effectiveness of AlSi10Mg and ABS double pipe parallel flow heat
exchangers with pin-fins is higher in the case of unbalanced flow condition than in the
case of balanced flow condition.
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(a)

(b)

Figure 32: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (L = 20 mm, L = 40 mm) and without pin-fins;
parallel flow configuration, H = 10 mm, Θ = 30o, # = 10, Cr = 0.5. (a) effectiveness
of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (L = 20 mm ‒‒, L = 40 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS
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(c)

(d)
Figure 32: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (L = 20 mm, L = 40 mm) and without pin-fins;
parallel flow configuration, H = 10 mm, Θ = 30o, # = 10, Cr = 0.5. (a) effectiveness
of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and without (‒‒) pin-fins, (b)
pressure drop of fluids of AlSi10Mg with (L = 20 mm ‒‒, L = 40 mm ‒‒) and
without (‒‒) pin-fins, (c) effectiveness of ABS with (L = 20 mm ‒‒, L = 40 mm ‒‒)
and without (‒‒) pin-fins, and (d) pressure drop of fluids of ABS (Continued)

The effect of subtended angle on the relationship between effectiveness and
hot fluid Reynolds number of double pipe parallel flow heat exchangers, operating
under balanced flow, is shown in Figure 33. Figure 33 (a) and (b) represent the

103
influence of hot fluid Reynolds number on effectiveness and pressure drop of
AlSi10Mg double pipe parallel flow heat exchanger, respectively. The influence of hot
fluid Reynolds number on effectiveness and pressure drop of ABS double pipe parallel
heat exchanger is shown in Figure 33 (c) and (d), respectively. AlSi10Mg double pipe
parallel flow heat exchangers with pin-fins have effectiveness similar to that of
AlSi10Mg double pipe parallel flow heat exchangers without pin-fins at low hot fluid
Reynolds numbers. Also, the effectiveness of AlSi10Mg double pipe parallel flow heat
exchangers with pin-fins is better than that of AlSi10Mg double pipe parallel flow heat
exchangers without pin-fins at high hot fluid Reynolds numbers. The reason for this is
the shift in effectiveness is the dominance between overall heat transfer coefficient and
residence time on the heat transfer between the fluids. At low hot fluid Reynolds
numbers, the residence time is high and almost same for all AlSi10Mg double pipe
parallel flow heat exchangers. Also, at a specific hot fluid Reynolds number, in the
low hot fluid Reynolds number range, the presence of pin-fins in AlSi10Mg double
pipe parallel flow heat exchangers increases the overall heat transfer coefficient
beyond that exiting in AlSi10Mg double pipe parallel flow heat exchangers without
pin-fins. However, the contribution of overall heat transfer coefficient to heat transfer
even with the increased overall heat transfer coefficient is lower than the contribution
of residence time to the same and since the residence time is same and high for all
AlSi10Mg double pipe parallel flow heat exchangers with and without pin-fins, the
effectiveness remains unaffected by the presence of pin-fins. With increase in hot fluid
Reynolds number, there is increase in the over heat transfer coefficient as well as
reduction in the residence time. It is stressed here that the overall heat transfer
coefficient of AlSi10Mg double pipe parallel flow heat exchangers with pin-fins is
higher than that of AlSi10Mg double pipe parallel flow heat exchanger without pin-
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fins. The increase in overall heat transfer coefficient is almost same for all AlSi10Mg
double pipe parallel flow heat exchangers with pin-fins since the disruption of the flow
which brings about the increase in overall heat transfer coefficient is almost
independent of the geometric parameters of the pin-fins. Additionally, the residence
time is same for all AlSi10Mg double pipe parallel flow heat exchangers with pin-fins
is same. Thus the increase in overall heat transfer coefficient and low residence time
make the effectiveness of double pipe parallel flow heat exchanger with pin-fins higher
than that of double pipe parallel flow heat exchanger without pin-fins. Moreover, the
fact that overall heat transfer coefficient of all double pipe heat exchangers with pinfins is almost same, at high hot fluid Reynolds numbers, keeps their effectiveness same
as can be noted from Figure 33 (a). It can be noticed from Figure 33 (a) and (c) that
the effectiveness of double pipe parallel flow heat exchanger is dependent on the
construction material. This is because of the fact that the thermal conductivity of
AlSi10Mg is about 3 orders of magnitude higher than that of ABS. The pressure drop
associated with the hot and cold fluids of all double pipe parallel flow heat exchangers
increases with increase in hot fluid Reynolds number. For a specific hot fluid Reynolds
number, the pressure drop associated with the hot fluid is higher in the case of ABS
and AlSi10Mg double pipe parallel flow heat exchanger with pin-fins than in
corresponding ABS and AlSi10Mg double pipe parallel flow heat exchanger without
pin-fins. This difference is a result of the disruption of boundary layer due to the
presence of pin-fins. It can also be noticed that the hot fluid pressure drop, a specific
hot fluid Reynolds number, of ABS and AlSi10Mg double pipe parallel flow heat
exchanger with pin-fins is almost independent of the subtended angle of the pin-fin.
The changes to geometric parameters of the double pipe parallel flow heat exchanger
with pin-fins is almost independent of subtended angle of the pin-fins and thus the
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flow distribution associated with the hot fluid, at a specific hot fluid Reynolds number,
is almost independent of subtended angle. This invariance of flow disturbance
irrespective of the changes in subtended angle keeps the pressure drop independent of
the subtended angle as can be noticed from Figure 33 (b) and (d). Also, it can be
noticed that the pressure drop associated with the fluids is not dependent on the
material of construction of the double pipe parallel flow heat exchanger and this is
because the surfaces are assumed to be smooth.
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(a)

(b)

Figure 33: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (Θ = 10o, Θ = 30o) and without pin-fins; parallel
flow configuration, L = 20 mm, H = 10 mm, # = 10, Cr = 1. (a) Effectiveness of
AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (b) pressure
drop of fluids of AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pinfins, (c) effectiveness of ABS with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pinfins, and (d) pressure drop of fluids of ABS
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(c)

(d)

Figure 33: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (Θ = 10o, Θ = 30o) and without pin-fins; parallel
flow configuration, L = 20 mm, H = 10 mm, # = 10, Cr = 1. (a) Effectiveness of
AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (b) pressure drop
of fluids of AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (c)
effectiveness of ABS with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, and
(d) pressure drop of fluids of ABS (Continued)

Figure 34 shows the variation of effectiveness and pressure drop, associated
with the fluids, for hot fluid Reynolds number for ABS and AlSi10Mg double pipe
parallel flow heat exchangers for different subtended angles while operating under a
specific unbalanced flow condition; the heat capacity ratio is 0.5. It can be noticed
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from Figure 34 (a) and (c) that the relationship between effectiveness and hot fluid
Reynolds number is independent of the subtended angle of the pin-fins. Moreover, it
can be noticed that the effectiveness of AlSi10Mg double pipe parallel flow heat
exchanger with pin-fins is almost same as that the effectiveness of AlSi10Mg double
pipe parallel flow heat exchanger without pin-fins at low hot fluid Reynolds numbers.
Additionally, it can be noticed that with increase hot fluid Reynolds numbers the
effectiveness of AlSi10Mg double pipe parallel flow heat exchanger, with pin-fins,
becomes greater than that of AlSi10Mg double pipe parallel flow heat exchanger
without pin-fins. Regarding the effectiveness of ABS double pipe parallel flow heat
exchangers with pin-fins, it is slightly smaller than the effectiveness of ABS double
pipe parallel flow heat exchanger without pin-fins in the low hot fluid Reynolds
number range. On the other hand, the effectiveness of double pipe parallel flow heat
exchangers with pin-fins is almost equal to the effectiveness of double pipe parallel
flow heat exchanger without pin-fin. Regarding the pressure drop associated with the
hot and cold fluids, they increase with increase in hot fluid Reynolds number
irrespective of then presence of pin-fins. Additionally, the pressure drop associated
with the hot fluid of double pipe parallel flow heat exchangers with pin-fins is greater
than the pressure drop associated with the hot fluid of double pipe parallel flow heat
exchanger without pin-fins. However, it can be noticed that the pressure drop
associated with the hot fluid, at a specific hot fluid Reynolds number, is same for all
double pipe parallel flow heat exchangers with pin-fins. The pressure drop of the fluids
associated with the double pipe parallel flow heat exchangers is the same irrespective
of the construction material. The reasons for these observations is same that provided
in conjunction with Figure 33. Additionally, it can be noticed that the pressure drop
associated with the cold fluid, for a specific hot fluid Reynolds number, when the
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double pipe parallel flow heat exchangers are operated under unbalanced flow
condition is smaller than when the same are operated under balanced flow condition.
The reason for this is due to the fact the mass flow rate of the cold fluid, in the double
pipe parallel flow heat exchangers, when operating under unbalanced flow condition
is smaller than when then same are operated under balanced flow condition.

(a)

(b)
Figure 34: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (Θ = 10o, Θ = 30o) and without pin-fins; parallel
flow configuration, L = 20 mm, H = 10 mm, # = 10, Cr = 0.5. (a) Effectiveness of
AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (b) pressure drop
of fluids of AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (c)
effectiveness of ABS with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, and
(d) pressure drop of fluids of ABS
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(c)

(d)

Figure 34: Influence of hot fluid Reynolds number on effectiveness and pressure
drop of AlSi10Mg and ABS with (Θ = 10o, Θ = 30o) and without pin-fins; parallel
flow configuration, L = 20 mm, H = 10 mm, # = 10, Cr = 0.5. (a) Effectiveness of
AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (b) pressure drop
of fluids of AlSi10Mg with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, (c)
effectiveness of ABS with (Θ = 10o ‒‒, Θ = 30o ‒‒) and without (‒‒) pin-fins, and
(d) pressure drop of fluids of ABS (Continued)

It can be noticed from the plots of counter flow and parallel flow that the
thermal performance is almost same. This might look contrary to conventional
understanding that the thermal performance of counter flow is better than that of
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parallel flow. The results presented in this work correspond to low Number of Transfer
Units (NTU) and at low NTU it is established that the thermal performance of counter
flow and parallel flow are almost same. Thus the results presented in this work do not
make any contradictions with literature.
The effectiveness of ABS double pipe heat exchanger is lower than that of
AlSi10Mg double pipe heat exchangers; nevertheless, polymer heat exchanger find
applications in industries handling corrosive chemicals. Moreover, with the
advancement of 3D printing it is becoming easier to realize polymer heat exchanger
which will lead to their widespread use thereby making the findings of this study
relevant.
3.3 Grid Independence Study
Table 3 shows a study that was conducted to check the results accuracy
acquired for taking less number of nodes for the mesh of the heat exchanger to reduce
the time consumed for the simulation. The percentage change was our base study for
the comparison between the different parameters taken at 50 of hot fluid Reynolds
number for different mesh settings between our case (Case 1) and different cases as
shown. The percentage change for the outlet temperature and the pressure drop of the
hot and cold fluid were negligible to confirm our approach to be effective. Similarly,
as noticed from Table 3 the outlet temperature and the pressure drop of both the cold
and hot fluid at 500 of hot fluid Reynolds number to be having minor variations
compared with what was noticed in Table 3 proofing our case (Case 1) to be sufficient
of its mesh settings to validate our results.
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Table 3: Table listing grid conditions and associated values of parameters
Case-1

Case-2

Case-3

Number of nodes

481,798

866,009

1,439,949

Number of elements

1,351,159 2,407,482 3,909,591
Re = 50

Parameter

Case-1

Outlet temperature of hot fluid (K)

348.910

% change in outlet temperature hot fluid

NA

Outlet temperature of cold fluid (K)

297.185

% change in outlet temperature of cold fluid

NA

Pressure drop of hot fluid (mPa)

0.046

% change in pressure drop of hot fluid

NA

Pressure drop of cold fluid (mPa)

0.248

% change in pressure drop of cold fluid

NA

Case-2

Case-3
348.916

297.189

0.047

0.254

Re = 500
Outlet temperature of hot fluid (K)

351.789

% change in outlet temperature hot fluid

NA

Outlet temperature of cold fluid (K)

294.192

% change in outlet temperature of cold fluid

NA

Pressure drop of hot fluid (mPa)

1.182

% change in pressure drop of hot fluid

NA

Pressure drop of cold fluid (mPa)

5.942

% change in pressure drop of cold fluid

NA

351.787

294.197

1.198

6.067
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3.4 Model Validation
The effectiveness obtained from the temperature profile determine in Fluent is
compared with the effectiveness obtained from analytical equations. The analytical
equations are available in standard heat transfer textbooks. The comparison is done for
smooth counter flow and parallel flow heat exchangers. Figure 35 provides the
comparison of the effectiveness for hot fluid Reynolds number. It can be noticed that
the predictions from parallel flow smooth heat exchangers based on Fluent and
analytical equations have the same trend. The effectiveness reduces with increase in
Reynolds number. Figure 36 shows that the analytical equations over predicts the
effectiveness of counter flow smooth heat exchangers compared with the effectiveness
calculated using Fluent. Additionally, it can be noticed that the match is better at high
hot fluid Reynolds number than at low Reynolds number. The difference between the
effectiveness as calculated using Ansys and analytical equations is due to the
correlations used for determining the heat transfer coefficients. Analytical equations
assume that the temperature over the cross-section of the inner pipe and annulus is
uniform; however, in the case of Fluent, it is more realistic and the temperature varies
from the wall towards the interior of the fluid. Thus, the effectiveness as calculated
using Fluent will have a better match with that calculated using analytical equations
when the cross-sectional temperature of the fluids are uniform and this usually exists
at high hot fluid Reynolds numbers.
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(a)

(b)

(c)

Figure 35: Comparison of effectiveness from Fluent and analytical equations for
parallel flow smooth heat exchangers. Fluent (‒‒) and analytical equations (‒‒)
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(d)
Figure 35: Comparison of effectiveness from Fluent and analytical equations for
parallel flow smooth heat exchangers. Fluent (‒‒) and analytical equations (‒‒)
(Continued)
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(a)

(b)

(c)
Figure 36: Comparison of effectiveness from Fluent and analytical equations for
counter flow smooth heat exchangers. Fluent (‒‒) and analytical equations (‒‒)
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(d)
Figure 36: Comparison of effectiveness from Fluent and analytical equations for
counter flow smooth heat exchangers. Fluent (‒‒) and analytical equations (‒‒)
(Continued)
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Chapter 4: Conclusion
This work conceptualizes a double pipe heat exchanger with pin-fins. The pinfins are located on the outside of the inner pipe of the heat exchanger and they protrude
into the annulus. The conceptualized double pipe heat exchanger is subsequently
studied using Fluent module of Ansys Workbench. In this study cold fluid is
transported through the inner pipe while the hot fluid is transported through the
annulus. The pin-fins are employed for enhancing the heat transfer coefficient
associated with the hot fluid. Moreover, studies are done for both counter flow and
parallel flow configuration of the double pipe heat exchanger as well as under both
balanced and unbalanced flow conditions. Water is used as the hot and cold fluids of
the heat exchanger and studies are done using two different constructional materials –
AlSi10Mg and ABS. This study assumes that the heat exchangers are constructed
using 3D printing. Studies are done for hot fluid Reynolds number varying between
50 and 1750; the corresponding Reynolds number of the cold fluid is also below 2000
thereby keeping the flow associated with both fluids in the laminar regime. The
performance of the heat exchanger is quantified in terms of effectiveness and pressure
drop. The study carries out parametric study to understand the influence of geometric
parameters on the performance metrics of double pipe heat exchangers. The geometric
parameters studied include height, length and subtended angle of the pin-fins. When
the influence of one geometric parameter is studied, only it is varied and the other
geometric parameters are kept constant.
The effectiveness of all double pipe heat exchangers reduces with increase in
the hot fluid Reynolds number. The effectiveness of all AlSi10Mg double pipe heat
exchangers is better than that of corresponding ABS double pipe heat exchangers
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under both counter flow and parallel flow arrangements. Additionally, the
effectiveness of AlSi10Mg double pipe heat exchangers, with and without pin-fins, is
better while operating under unbalanced flow condition rather than when the same are
operated under balanced flow condition. Similarly, the thermal performance of ABS
double pipe heat exchangers, with and without pin-fins, is better when it is operated
under unbalanced flow conditions rather than when the same is operated under
balanced flow conditions. The presence of pin-fins in AlSi10Mg double pipe heat
exchangers lead to the enhancement of its effectiveness especially at high hot fluid
Reynolds number. Among the three geometric parameters of the pin-fins, height has
then greatest influence on the effectiveness of the AlSi10Mg double pipe heat
exchangers under both balanced and unbalanced flow conditions as well as under
counter and parallel flow configurations. The other parameter such as length and
subtended angle of the pin-fins, do not influence the effectiveness of AlSi10Mg double
pipe heat exchangers while operating them under balanced and unbalanced flow
conditions as well as under counter and parallel flow configurations. For all practical
purposes, the thermal performance of ABS double pipe heat exchangers is not
influenced by the presence of pin-fins. None of the parameters of the pin-fins influence
the effectiveness of ABS double pipe heat exchangers while operating them under
balanced and unbalanced flow conditions as well as under counter and parallel flow
conditions.
The pressure drop of the hot and cold fluids of both AlSi10Mg and ABS double
pipe heat exchangers increases with increase in hot fluid Reynolds number for
balanced and unbalanced flow condition as well as for counter and parallel flow
configurations. At a specific hot fluid Reynolds number, the pressure drop of the hot
fluid of AlSi10Mg and ABS double pipe heat exchangers, with pin-fins, increase in
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increase in dimensions of the pin-fins. The pressure drops of the hot and cold fluid are
same for similar AlSi10Mg and ABS double pipe heat exchangers.
Future would include the study of double pipe heat exchangers with pin-fins
on all either sides of the inner tube. Additionally, studies on investigating the influence
of pin-fin shapes on the thermal performance of the heat exchanger can be studied as
well. These investigations will be carried out using model and subsequently validated
using experimental data.
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